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In the recent past, polymer coatings have been extensively developed as an alternative 
lubrication strategy in demanding tribological applications. These components may be 
operated under dry conditions or under aqueous environments. So water (with/ without 
abrasives) may be entrained into these sliding components either accidentally, deliberately 
or as a contaminant which may lead to the deterioration of the properties of the polymer 
coatings. Hence, the evaluation of the tribological performance of these coatings under 
aqueous environment becomes significant.  
Among polymers, ultra-high molecular polyethylene (UHMWPE) has a great combination 
of properties such as low coefficient of friction (COF), high abrasion resistance, high 
impact resistance and durability. In spite of these excellent properties, UHMWPE still 
demands modifications to enhance its load bearing capacity, tribological and thermal 
properties. Hence the main objective of this work is to develop a novel hybrid 
nanocomposite coating of UHMWPE reinforced with carbon nanotubes (CNTs) and 
nanoclay (C15A) for bearing applications under dry and water lubricated conditions.  
Initially, nanocomposite and hybrid nanocomposite coatings reinforced with different 
loadings of nanoclay/CNTs or combination of both were optimized under dry conditions. 
xix 
 
Finally the optimized nanocomposite and hybrid nanocomposite coatings with various 
combinations of the nanofillers were evaluated for better tribological performance under 
water lubrication with/ without abrasive particles.  
Ball-on-disk wear tests using a 440C stainless steel ball as the counterface were conducted 
on the coatings under dry and water lubricated conditions to evaluate their tribological 
performance. X-ray diffraction, raman spectroscopy, scanning electron microscopy and 
optical profilometry techniques were used to characterize the coatings in terms of 
dispersion of the nanofillers, morphology and wear mechanisms respectively. Results 
showed that the UHMWPE hybrid nanocomposite coating reinforced with 1.5 wt% of 
CNTs and 1.5 wt% of C15A nanoclay performed best under dry and water lubrication 
conditions at a normal load of 12 N and a linear speed of 0.1 m/s showing a significant 
improvement in wear resistance as compared to all other coatings evaluated in this study.  
Moreover, the tribological performance of the hybrid nanocomposite coating (1.5 wt% 
CNT/ 1.5 wt% C15A/UHMWPE) with/ without the presence of abrasives was also 
evaluated at a normal load of 12 N and sliding speed of 0.1 m/s. It was observed that the 
hybrid nanocomposite coating survived in both the cases without failure. However, the 
wear track profile depth of the hybrid nanocomposite coating was less (80 μm) in case of 
the sliding test with abrasives as compared to that in the absence of abrasives where in the 
wear track profile depth was found to be 104 μm, suggesting of a reduction in wear rate in 
the presence of abrasives. This is mainly attributed to the embedment of the abrasive 
particles in the softer polymer matrix which help in providing with an enhanced anchoring 
effect of the polymer chains leading to an improvement in the resistance to their easy pull-
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 هندسة علم المواد  : التخصص 
 
 2017مايو   : تاريخ الدرجة العلمية 
اق واسع في الماضي القريب على نطاق واسع كبديل للتشحيم في تم تطوير طالء البوليمر على نط
بدون  مع أو -التطبيقات التريبولوجية في البيئات الجافة و الرطبة ، و لذلك يمكن أن يكون الماء 
محصورة في هذه المكونات االنزالقية إما عن طريق الخطأ أو العمد أو كملوث يؤدي  –الكاشطات 
 بوليمر وبالتالي فإن تقييم األداء التريبولوجي ملحاُ في البيئة المائية.إلى تدهور خصائص طالء ال
 
 
( من بين البوليمرات التي لها مزيج من الخصائص مثل: انخفاض معامل UHMWPEيعتبر البوليمر )
االحتكاك والمقاومة العالية والمتانة ، وبالرغم من خصائصها الممتازة الزال هناك حاجة لتعزيز قدرة 
طالء لا وخصائصها التريبولوجية و الحرارية ولهذا فالهدف الرئيسي من هذه الدراسة لتطوير اتحمله
( و CNTs( المعزز بأنابيب الكربون النانوية )UHMWPEالهجيني النانوي لمادة البوليمر )
 .( لتطبيقات المحمالت الجافة والمائيةC15Aالنانوكالي )
 
( بنسب مختلفة من بأنابيب UHMWPEنوي لمادة البوليمر )لطالء الهجيني النامبدئياُ تم تحسين ا
( أو خليط منهما معاُ في الظروف الجافة ثم تقييم C15A( و النانوكالي )CNTsالكربون النانوية )
يمات مع أو بدون جسالطالء مع تركيبات مختلفة من النانوفيلر لتعطي أداء تريبولوجي رطب أفضل 
 كاشطة.
 
( في بيئات جافة و مائية لتقييم ادائها 440Cلتآكل باستخدام كرة فوالذية )و قد أجريت اختبارات ا
التريبولوجي باستخدام األشعة السينية و طيف رامان و المجهر االلكتروني و التقنيات البصرية 
النتائج النهائية ان  حيث أظهرت .ء و التشكل و ميكانيكيات التآكللتوصيف تشتت النانوفيلر في الطال
( و CNTs( من ) %wt 1.5 ( المعزز بنسبة )UHMWPEالهجيني النانوي لمادة البوليمر ) لطالءا
 ( يعطي األداء األفضل في الظروف الجافة والمائية في حمولة )C15A( من ) %wt 1.5 بنسبة )
12N ( 0.1 ( و سرعة خطية m/s   و أظهرت تحسناُ كبيراُ في ممانعة التآكل بالمقارنة مع الطالءات )
 خر  المستخدمة في هذه الدراسة.األ
 
 (12N)تم تقييم األداء التربيولوجي للطالء النانوي مع أو بدون إستخدام الكاشطات بإستقدام ثقل 
ولوحظ مقاومة الطالء بدون فشل، ولوحظ أن عمق التآكل للمركب النانوي  (0.1m/s)وسرعة 
مايكرومتر مع عدم إستخدامها وذلك  104مايكرومتر مقارنة بعمق  80بإستخدام الكاشطات أقل من 
 بسبب الكاشطات التي تعزز المقاومة وتحد من التآكل مع أنها تزيد من تآكل الكرة.
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1 CHAPTER 1 
INTRODUCTION 
1.1 Background 
Friction and wear are major concerns in practically all tribological applications. At present, 
about one third of energy resources are being wasted due to involvement of friction directly 
or indirectly [1]. Therefore, it is significantly important to consider the causes of friction 
and wear to develop a strategy which can minimize the losses due to friction and wear. 
In the recent past, polymer coatings are being used as an alternative lubrication strategy in 
various tribological applications due to their low cost, good tribological properties, 
environment friendliness and ability to be coated by using simple techniques. 
Polymethylmethacrylate (PMMA), polyurethane (PU), polytetrafluoroethylene (PTFE), 
polyamide (PA), polyetheretherketone (PEEK) and ultra-high molecular weight 
polyethylene (UHMWPE) are some of the most common polymers which have been used 
to develop coatings. However, limitations such as low strength and low thermal stability 
have hindered the use of these polymer coatings to their full potential.  
With the advent of materials such as carbon nanotubes (CNTs), graphene, nanoclays etc. 
which can be used as reinforcements, a new class of materials called the polymer 
nanocomposites have been developed in bulk and in the form of coatings with enhanced 
mechanical, thermal and tribological properties. Nanocomposites are a novel class of 
2 
 
materials in which any one of the constituent materials has at least one of the dimensions 
less than 100 nm. They have the advantage of exhibiting excellent properties as compared 
to conventional composites due to the very high surface to volume ratio and very high 
aspect ratio of the nanofillers used as reinforcements. Hence, these polymer 
nanocomposites in the form of bulk or coatings are fast replacing metals and 
metallic/ceramic coatings in various demanding tribological applications including 
different types of bearings, bearing cages, biomedical implants, cams, valves, vacuum 
pumps, seals, automobile brake pads etc. under dry sliding and lubricated conditions 
because of their enhanced mechanical, thermal and tribological properties [2].  
1.2 Motivation and Justification 
However, there is still a lot of scope to further improve the properties of these polymer 
nanocomposites and their coatings so that they can be used in varying environments. The 
polymer or polymer nanocomposite coatings can be exposed to different environments 
during their operational life. For example, the coated components may be operated under 
dry conditions or under aqueous environments. So there is a likely chance that water (with/ 
without abrasives) may be entrained into these sliding components either accidentally, 
deliberately or as a contaminant which may lead to the deterioration of the properties of 
the polymer coatings due to swelling by water absorption.  Hence, there is an urgent need 
to further enhance the properties of these coatings so that they will be able to function and 
protect the sliding components against wear and tear, irrespective of the environment they 
are exposed to.  
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Thus we were motivated to explore a novel approach of developing a hybrid 
nanocomposite coating to solve this problem. A hybrid nanocomposite or a hybrid 
nanocomposite coating is a new emerging approach of reinforcing any parent matrix with 
two or more nanofillers to mainly take advantage of the individual properties of each of 
the nanofiller into one product. 
Hence based on this concept, we set about selecting the best polymer matrix and the 
nanofillers which would help in developing a polymer coating that would protect the 
sliding components under dry as well as aqueous environments (with/without abrasives). 
For this purpose, it is very essential that the developed hybrid nanocomposite coating 
should have a low coefficient of friction (COF), high wear resistance, high load bearing 
capacity and high resistance to water absorption. 
UHMWPE is one of the most suitable polymer among all other polymers which can be 
used for coating purposes in tribological applications because of its unique properties such 
as COF, high abrasion resistance, self-lubricity, high durability and high impact resistance. 
However, it has some limitations such as low thermal properties, load bearing capacity and 
low Young’s modulus [3]. Various researchers have modified these properties by 
reinforcing it with different nanofillers. 
CNTs are the allotropes of carbon and one of the most effective nanofiller used as a 
reinforcement in different polymer matrices to improve their load bearing capacity, due to 
their unique properties such as high tensile strength, extraordinary thermal conductivity, 
large aspect ratio, high electrical conductivity and low thermal expansion coefficient [4]. 
Such a combination of these properties makes them a pioneer among the different 
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nanofillers. Various researchers have modified the tribological, mechanical and thermal 
properties of polymer matrices, by reinforcing them with CNTs [5, 6] under dry and base 
oil lubricated sliding conditions.  
Nanoclays also known as layered silicates another class of nanofillers which are very 
effectively used to enhance the barrier properties such as resistance to water absorption 
because of their unique platelet like structure which provides a tortuous path for the 
diffusion of gas or liquid molecules. In recent years, a lot of research in polymer layered 
silicates nanocomposite coatings has been carried out. From the literature review, it is 
found that various researchers enhanced barrier properties of epoxy coating [7], mechanical 
properties of epoxy coating [8], tribological properties of polyester coating [9], anti- 
corrosion and thermal properties of polystyrene-acrylonitrile coating [10]  by reinforcing 
them with nanoclay. 
1.3 Objectives 
Hence in view of the above justification, we defined the main objective of our study to be 
as follows: To develop and characterize the tribological performance of a novel hybrid 
nanocomposite coating of UHMWPE reinforced with carbon nanotubes (CNTs) and 
nanoclay (C15A) under dry and water lubricated (with/without abrasives) conditions for 
mechanical bearing applications. CNTs shall be added to improve the load bearing 
capacity of the coating and nanoclay will be added to improve the resistance to water 
absorption along with mechanical properties. 
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1.4 Project phases  
To achieve the above mentioned objective, the overall project is divided into two major 
phases as described below. In the first phase, optimization of nanofillers’ loadings was 
carried out through tribological characterization under dry conditions. In second phase, 
optimized coatings were evaluated for tribological performance under water lubrication 
with/without abrasive particles.  
Phase 1 - Development and characterization of nanocomposite and 
hybrid nanocomposite coatings under dry conditions 
Phase 1 is further divided into three sections where different combination of nanofillers are 
optimized as described below. 
1) Development and characterization of nanoclay/UHMWPE nanocomposite coatings 
In this phase, UHMWPE nanocomposite coatings reinforced with nanoclay were 
developed and characterized in terms of tribological performance under dry conditions by 
optimizing the loading of nanoclay. Following tasks were performed in this phase such as 
selection of a proper coating process, optimization of the coating parameters, 
development/deposition of nanocomposite coatings with different loadings (0.5, 1.5, 3 
wt%) of nanoclay, structural and mechanical characterization of coatings and tribological 





2) Development and characterization of CNTs/UHMWPE nanocomposite coatings  
In this phase, UHMWPE nanocomposite coatings reinforced with carbon nanotubes 
(CNTs) were developed and characterized in terms of tribological performance under dry 
conditions by optimizing the loading of CNTs. Following tasks were performed in this 
phase such as development/deposition of nanocomposite coatings with different loadings 
(0.5, 1.5, 3 wt%) of CNTs, structural and mechanical characterization of coatings and 
tribological characterization of coatings 
3) Development and characterization of nanoclay/CNTs/UHMWPE Hybrid 
nanocomposite coatings  
In this phase, different combinations of hybrid nanocomposite coatings were developed 
and characterized in terms of tribological performance under dry conditions by optimizing 
the loading of CNTs. Following tasks were performed in this phase such as 
development/deposition of hybrid nanocomposite coatings with different loadings (0.5, 
1.5, 3 wt%) of CNTs while keeping the optimum loading  of nanoclay constant as obtained 
from section 1, tribological characterization of coatings, structural and mechanical 
characterization of coatings 
Phase 2 - Tribological characterization of the hybrid nanocomposite 
coatings under water lubrication with/without abrasives 
In this phase, tribological characterization of the hybrid nanocomposite coatings under 
water lubrication was evaluated. Later the tribological performance of the optimized hybrid 
nanocomposite coating was evaluated under water lubrication in the presence of abrasives. 
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Following tasks were performed in this phase such as development/deposition of hybrid 
nanocomposite coatings with different loadings (0.5, 1.5, 3 wt%) of CNTs while keeping 
the optimum loading of nanoclay constant as obtained from phase 1, structural and 
mechanical characterization of coatings, tribological characterization of coatings under 
water lubrication and then tribological characterization of the best coating under water 
lubrication with the presence of abrasive particles such as silicon carbide (SiC). 
1.5 Research Methodology in the present work 
Figure 1.1 shows the research methodology which was adopted during our research to meet 
all the objectives as stated above. Electrostatic powder spray system was used for 
deposition of coatings on metallic substrate. Initially tribological performance of pristine 
UHMWPE was evaluated under dry conditions. Then different fillers (nanoclay and CNTs) 
and their combinations, prepared by sonication followed by magnetic stirring, were used 
to reinforce the polymer matrix for better tribological properties under dry conditions. 
Finally, optimized coatings were evaluated for tribological performance under water 
lubrication in the presence/ absence of abrasive particles. Along with the tribological 
characterization, other characterization techniques were also used to characterize the 




Figure 1.1 Research Methodology followed in the present study 
1.6 Organization of thesis 
In this thesis, Chapter 1 is related to introduction part of the work. In chapter 2, an extensive 
literature review is presented on various lubrication strategies being used, tribological 
applications of polymers under different environments, developments regarding polymer 
nanocomposite coatings particularly UHMWPE based nanocomposite coatings in the 
perspective of the current research work. In chapter 3, the experimental 
methods/procedures used in this study are described. Chapter 4 presents the experimental 
results and discussion related to all the project phases. Chapter 5 presents all the 
conclusions obtained from the work and suggests a few recommendations for future. 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Importance of Tribology 
Science of interacting surfaces in their relative motion is known as Tribology. It is a multi-
disciplinary field. It deals with phenomenon of friction, wear and lubrication to reduce 
energy loses as well as increase the operational life of component in a system. It plays an 
important role in modern machinery that involves sliding and rolling surfaces. Friction  and  
wear  are  major  concerns  in  practically  all  modern mechanical  machines.  A  few  
examples  are  internal  combustion  and  aircraft  engines, automobiles,  gears,  cams,  
bearing,  and  seals. In a survey in 1966, it was estimated that about 4% of GNP of United 
States was wasted due to neglect the role of Tribology.  At present, about one third of 
energy resources are wasted due to involvement of friction directly or indirectly [1]. So, it 
is significant to consider the causes of friction and wear. The aim of research and 
development in tribology is to minimize losses due to friction and wear as much as possible. 
Today tremendous research is going on to achieve this aim and tremendous achievements 
have been achieved. People are using different fillers to make composites to get better 
tribological properties. But research to improve further is still necessary.  
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2.2 Different strategies to protect mechanical components  
The usage of various protective coatings and modified lubricants for the protection of 
contacting surfaces is the current strategy of lubrication in mechanical systems [11]. 
Diamond-like carbon (DLC) coatings, metal carbides coatings (CrC, TiC, WC), 
molybdenum disulphide (MoS2) coatings  and PVD coatings (ZrN, TiAlN, CrAlN, ZrC, 
W–C:H,  WC/C, TiO2, Al2O3) are mostly used protective coatings in industry [12–16]. 
Although these coatings are useful in providing high wear resistance but there are some 
limitations associated with them such as high thermal stresses in the coating, high friction, 
incompatibility with the lubricant, poor adhesion with the substrates and sensitive to the 
environment [17, 18]. There is also a concern regarding worn debris particles from hard 
coating because that can damage the entire tribological system adversely.  
Recently a lot of research has been done to develop efficient lubricant and understand the 
lubrication mechanism [18] in order to resolve all issues associated with these protective 
coatings mentioned above. Different lubricants such as mineral oils with most appropriate 
additives such as molybdenum dialkyl dithiocarbamate (MoDTC) and zinc dialkyl 
dithiophosphate (ZDDP) are being used to enhance the lubricant’s performance. The 
additives basically form tribofilms on contacting surface by reacting with it which is 
helpful in order to avoid wear especially in case of boundary lubrication [19]. In spite of 
lot of developments in field of lubricants and additives, there are some environmental and 
health issues [20, 21] which have to be overcome by changing the lubrication strategies. 
For this purpose, such kind of lubrication strategy is needed in which there is less or no 
involvement of these harmful additives.  
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Polymers have made their worth in different tribological applications to enhance wear lives 
of many components due to their low density, anticorrosion properties, low cost and ease 
of coating methods [22]. Moreover, their importance becomes more prominent in the areas 
where the fluids cannot be endured because of their contamination with the product such 
as corrosive environments. When the polymeric materials are rubbing in tribological 
contacts it is very useful and often the lubrication is not necessary because they are self-
lubricated.   
Different researchers [23–25] have explored a new approach in which they used water as 
an environment friendly lubricant in combination with polymer coating and studied the 
tribological behavior of polymers in the aqueous environments and found that water could 
play a significant role in reduction of COF and absorb the heat generated due to friction. 
In aqueous conditions, there are various factors such as the surface wettability, interaction 
of the polymer with water which significantly affect the properties of polymers in term of 
tribology. The drawbacks of using water as a lubricant are  
 Water can deteriorate the properties of polymers because polymers are swelled after 
absorbing water and due to this their hardness and strength is reduced [26,27]. 
 Water has very less viscosity as compared to other oil lubricants that’s why it can 
be evaporated very easily with small increase of temperature produced by two 
sliding surfaces as compared to that of oil lubricants. 
 It is well established that formation of adherent transfer film on counterface reduce 
wear rate of polymers. It is found in literature that presence of water affects the 
formation of transfer layer on the counterface material [27–29]. 
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 Water may cause corrosion of counterface or substrate if it is being exposed to 
water after failure of protecting polymer coatings. 
So water can either behave as a lubricant or as a contaminant when it is in contact with the 
machine elements based on different applications and interaction of water with polymers 
[30]. A lot of research has been conducted by using different nanofillers to minimize these 
drawbacks so that water can be used as environment friendly lubricant or it can not 
deteriorate the properties of polymers when it is in contact with polymeric coated sliding 
components.  
2.3 Introduction of polymers in tribological applications   
The tribology of polymers is not same as that of metals, ceramic materials and their 
derivatives because of difference in chemical and physical structures. The polymers have 
very low surface free energy [31]. Polymers show viscoelastic properties due to which they 
are being affected in a different ways in terms of tribological behaviors. The effect of 
different tribo-system parameters on wear of polymer is even stronger than that for metals 
[32]. Following Figure 2.1 shows different factors that have an effect on tribological 
behaviors of polymers. 
The ability of the polymers to be easily modified in coatings as well as in bulk form gives 
them uniqueness. Therefore they are mostly used as a matrix to develop many composites. 
The figure 3 below is representing different factors that have an impact on tribological 
properties of polymers.  
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Different researchers have studied the tribological behavior of different polymers and their 
composites under different environments and conditions for specific applications. Based 
on various wear mechanisms, environments and conditions they obtained different results 
which are being highlighted below.  
 
Figure 2.1 Different factors having an effect on tribological properties of polymers [33] 
C. G. Clarke et al. [34] in their studies, evaluated the tribological behaviors of five different 
polymers (UHMWPE, PETP, P (A-I)/GR, POM and PA6/MoS2) under water lubrication 
for applications of bearing surfaces between the  body of a hydraulic drill and tool holder. 
They proved that all parameters including counterface roughness, sliding velocities and 
pressure had a great impact on tribological behaviors of these polymers.  
Shiwei W et al. [35] evaluated the tribological and mechanical behavior of polyurethane 
(PU) based composites modified with UHMWPE under water lubrication for water-
lubricated bearings applications which are generally used in hydraulic engineering, 
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metallurgy,  mining and other various applications. They found improvement in these 
properties (as mentioned above) of composite as compared to pristine polymer.  
HJ Song et al [36] studied the effect of graphene oxide (GO) nanosheets addition on 
tribological properties of PEEK film fabricated by cast method in dry, water and paraffin 
oil lubricated conditions. They found different tribological results under different 
environment mentioned above. They concluded that GO nanosheets reinforcement 
decreased the COF and increased the coating life in all three environments but best results 
were obtained in oil lubricated conditions. Following Figure 2.2 below shows the 
tribological results of PEEK/GO film in terms of COF and wear behavior measured by 
resultant wear scar diameter (WSD) at linear speed of 0.0628 ms-1. 
 
Figure 2.2 Coefficient of friction variation verses applied load (a) and wear scar diameter (WSD) (b) of 
GO/PEEK composite films [36] 
Samad et al [37] developed 0.1 wt% CNTs-UHMWPE nanocomposite by dip coating 
procedure and evaluated the effects of different counterface materials  on the mechanical 
and tribological behaviors of the nanocomposite coating. Moreover, they studied the effect 
of UV radiation on the tribological and mechanical properties of these coating. They found 
15 
 
that nanocomposite coatings showed lowest COF when they slid against brass as compared 
to other counterfaces as mentioned above at normal load of 4N and a linear velocity of 0.41 
ms-1. At this particular velocity and load, nanocomposite coatings did not fail until 240,000 
cycles in all the three counterface material cases. There was no particular effect of UV 
radiation (exposed for 300 h) on tribological behavior of these nanocomposite coatings.  
In another study, N. Campo and A. M. Visco [38] evaluated the effect of UV irradiation on 
UHMWPE and CNT-UHMWPE nanocomposite. The figure below show the comparison 
of wear rates results of both cases with respect to UV exposure time. It can be observed 
from Figure 2.3 that nanocomposite performed better after being exposed to UV radiations 
as compared to pristine UHMWPE and showed lowest wear resistance at time of 2 hours.  
 
Figure 2.3 Comparison of wear rates of UHMWPE (UH) and CNT nanocomposite (NC) verses UV exposure 
time [38] 
TD. Nguyen et al. [39] reported the tribological behavior of two polymers UHMWPE and 
PET for journal bearing applications under dry and four different lubricated conditions 
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which were river water, distilled water, tap water and demineralized water. Wear tests were 
performed in a special “Stribeck configuration” at contact pressure of 0.3 MPa and 
different sliding speeds varying from 0 to 1.07 ms-1 at ambient temperature. They reported 
break-away friction (BAF) and boundary friction (BF) results of both polymers under all 
above mentioned conditions. Comparison of these results is presented in Figure 2.4 and 
Figure 2.5 below. 
 
Figure 2.4 Comparison of BAF of UHMWPE and PET under different environments [39] 
 
Figure 2.5 Comparison of BF of UHMWPE and PET under different environments [39] 
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Sliding speed can also play its role differently based on type of environment. For example 
in dry condition, at higher sliding speed there are chances of rise in temperature at point of 
contacts between two mating surfaces which can cause softening of polymer. In presence 
of some lubricants this heat can be dissipated which definitely affect the wear rate 
differently. Also at different loads tribological behavior of polymers varies due to change 
in contact pressures and temperature.  
H. Meng et al. [40] compared the tribological behavior of CNTs reinforced polyamide 6 
(PA6) composites with pristine polymer in dry and water lubricated condition at different 
loads. They found that CNTs reinforced composites showed less COF and more wear 
resistance under dry and lubricated conditions as compared to that of pristine PA6 matrix.  
The performance of polymers in terms of tribological behavior significantly depends on 
temperature because it can change the crystallinity of polymer which affects the 
mechanical as well as tribological properties of polymers. At elevated temperature 
softening of polymers can be occurred. Samad et al [41] evaluated the effect of temperature 
on tribological behavior of a CNTs reinforced UHMWPE nanocomposite coating on steel 
substrates with or without PFPE overcoat under dry as well as base oil lubricated conditions 
and found variation in the tribological results at different temperatures.  
Similar to other factors, the tribological performance of polymers also depends on presence 
of foreign particles which can be entrained in the particular tribo-system through any 
source such as sandstorm, dusty condition or rain especially in desert environment These 
abrasives can either act as third body particles which can abrade the polymer and increase 
the wear rate [42] or they can be embedded in polymer, resulting in reduced wear rate [43]. 
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Ezzat A. A et al [44] evaluated the abrasive wear of polyethylene coating reinforced with 
aluminum oxide nanofibers deposited onto the steel substrate in the presence of sand 
particles. They found decrease in wear rate due to embedment of sand particles in the 
coating acting as protective wear layer of hard particles. Following Figure 2.6 shows the 
schematic diagram indicating the embedment of abrasive particles. 
 
Figure 2.6 Schematic diagram showing embedment of abrasive particles [44] 
 
2.4 Polymer and polymer based nanocomposite coatings  
It is found from literature review that many polymers coatings have been developed to 
overcome friction, wear issues as well as for anti-corrosion purposes. Many polymers are 
being used as barrier coatings to reduce diffusivity of gas/ water molecules such as in 
packaging industries. Polymethylmethacrylate (PMMA), polyurethane (PU), 
polytetrafluoroethylene (PTFE), polyamide (PA), polyetheretherketone (PEEK) and ultra-
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high molecular weight polyethylene (UHMWPE) are mostly used polymers for coatings 
for tribological purposes. All these polymers have some specific useful tribological 
characteristics as well as some limitations which will be discussed below. To modify the 
tribological properties of these polymer coatings fillers have been used. 
PTFE coating has high temperature  stability and low COF but shows  poor  wear 
resistances which make it unable to be used in mechanical systems because it causes failure 
of component due to wear [45]. Lee et al [46] have improved the wear resistance of PTFE 
by adding 2wt% nano-diamond in it. PEEK coating has good chemical resistance, high 
strength and good tribological properties. McCook et al [47] observed the decrease in the 
COF of low carbon steel substrate by depositing PTFE-epoxy composite coating on it. The 
measured COF for this coating was about 0.15 under dry conditions.  
Yeh et al [10] improved anti-corrosion properties as well as thermal stability by adding 3% 
Montmorillonite (MMT) - polystyrene-acrylonitrile coating, prepared by in-situ thermal 
polymerization process, on cold rolled steel. By adding 10 % SiO2 nanoparticles by volume 
in PEEK polymer, Hedayati et al. [48] improved the wear resistance of PEEK coating on 
plain carbon steel substrate by using electrostatic spray system. A. Golgoon et al [9] 
enhanced the wear and corrosion resistance of plain carbon steel by depositing 5wt% clay-
polyester nanocomposite coating. Bagherzadeh et al [7] compared the water uptake of pure 
epoxy coating and 1wt% nanoclay-epoxy nanocomposite coating. They observed that 




Wang Y et al. [49] evaluated the mechanical and tribological behaviors of pristine 
polyamide (PA-1010) and SiO2-(PA-1010) nanocomposite coatings under dry sliding 
conditions and at ambient temperature. They found that nanofillers enhanced the 
crystallinity and mechanical properties of coatings and reduced the wear and friction of 
polymer coatings effectively. Moreover, optimum results were obtained by adding 1.5 wt. 
% nano-sized silica particles in polymer matrix. 
Bello  et  al  [50] evaluated  the  tribological  properties  of  polyamide  (PA11)  coatings. 
D.  Bellisario et al [51] evaluated the impact of the  mixing  time  on  the tribological 
properties  of  the functionalized  montmorillonite  (MMT) filled  polyester  coatings. 
Optimized results were achieved with low filler contents and mixing times.  Kowalczyk et 
al [8] evaluated the performance of epoxy coatings by adding 2.5% and 5% (by weight) 
modified MMT. They observed the improvement in hardness, abrasion and scratch strength 
by addition of this filler. Davood et al. [52] prepared organo-clay filled epoxy coatings by 
utilizing high-shear mixing and ultrasonication for good dispersion. They used  organo-
clay content as filler (up  to  4  wt%)  and  found optimized  results  for  3  wt%  filled  
coatings. Gadow and Scherer [53] improved the tribological behavior of light metal 
magnesium by producing composite polymer coating (PTFE particles as solid lubricants+ 
MoS2 + pure C) in on it using thermal spray process. Recently Subasri et al [54] prepared 
super hydrophobic coatings by adding nanoclay into silica matrix (hydrophobic) by using 
sol-gel process. The clay provided super hydrophobicity by offering low surface energy.  
Wang ZZ et al. [55] compared the tribological and mechanical performances of pristine 
polycarbonate film with polycarbonate composite coating reinforced with nano-SiO2. 
Scratch tests and micro/nano-scale indentation showed increase in stiffness and hardness 
21 
 
after reinforcing the matrix with nano-SiO2. Moreover, scratch depth and COF in case of 
composite coating was decreased.  
Song HJ et al. [56] enhanced the tribological properties of polyurethane (PU) coatings by 
adding ZnO whiskers and ZnO nanoparticles into the PU-matrix. They observed adherent 
transfer film formed at counterface in both cases due to addition of these fillers which 
reduced the COF and wear rate. 
Wang Y et al. [57] found the effect of nanostructured tungsten carbide (WC) particles on 
tribological and corrosion behaviors of Xylan based nanocomposite coatings. Xylan is 
commercial name of polymer which has specific composition. They found that scratch 
resistance and hardness were increased as compared to that of pristine polymer coating 
with the addition of these nanoparticles due to the dispersion hardening of polymer coatings 
by these particles. Corrosion resistance of polymer nanocomposite coating was also 
increased relatively as compared to that of pristine polymer coating. 
Wang Y et al. [58] evaluated the tribological behaviors and electrochemical corrosion 
properties of Al2O3-polymer nanocomposite coatings. They found improvement in scratch 
resistance as well as corrosion resistance due to addition of Al2O3 nanoparticles. The 
improvement in the properties was attributed to the dispersion hardening of polymer 
coatings by these nanoparticles. 
2.5 Ultra-high Molecular Weight Polyethylene (UHMWPE)   
UHMWPE is a linear homo-polymer which is made up of hydrogen and carbon. It is 
thermoplastic polymer and is a type of polyolefin. Polymerization of ethylene (C2H4) gives 
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polyethylene having formula (C2H4)n, where “n” represents degree  of polymerization. 
Figure 2.7 below shows the chemical structures for polyethylene and ethylene. One 
molecular chain of UHMWPE can has about 200,000 ethylene repeated units and the 
molecular mass in range of 2-6 million u. 
                                              (a)                                (b) 
 
Figure 2.7 Chemical structures (a) monomer (b) polymer 
2.5.1 Properties of UHMWPE  
UHMWPE has such great combination of properties such as very low COF which is ̴ 0.1, 
highly resistant to abrasion, self-lubricating, high impact resistance and durability which 
made it outstanding to use it for coating purposes in tribological applications. Table 2.1 
below shows some mechanical properties of UHMWPE (in bulk form). Melting point of 
UHMWPE is in range of 138 – 142 °C but it can retain its excellent dimensional stability 
at temperatures up to 80-90 °C [3]. 
Harvey and Sinha [3, 59] compared the wear rate and impact resistance of different 
polymers as shown in Figure 2.8 and Figure 2.9 below. From these figures, it is found that 
UHMWPE has excellent wear resistance and impact resistance as compared to other 
polymers. UHMWPE, in coatings as well as bulk form, has a lot of applications in various 
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fields where good tribological properties are required such as in bearings gears, impellers, 
pump housings, biomedical transplants. 








Figure 2.9 Comparison of Impact resistance of different polymers [3] 
2.5.2 Limitations of UHMWPE  
Although UHMWPE has excellent tribological properties as mentioned above but it has 
some restrictions such as low load bearing capacity, low Young’s modulus, its poor 
adhesion to the substrates [3] and poor processability due to its high viscosity which 
demands improvements in its properties. Many researchers used different approaches to 
enhance the adherence of UHMWPE coatings as well as mechanical and tribological 
properties.  
2.5.3 UHMWPE coatings  
Due to excellent tribological properties of UHMWPE many researcher used it for coatings 
on different substrates. UHMWPE thin films on bare silicone as well as on modified 
silicone surfaces have proved UHMWPE a good thin coating material due to its high wear 
resistance as well as low COF against ceramics and metals [61, 62]. UHMWPE coating 
has been deposited onto steel and aluminum substrates through dip-coating process to 
increase their wear life [63, 64]. 
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To modify adhesion between UHMWPE coating and substrate some surface pre- 
treatments such as chemical treatments (e.g. piranha treatment) or plasma treatment can be 
applied. It is found in literature that UHMWPE film deposited onto plasma pre-treated 
Silicone exhibited a wear life of ̴ 50000 cycles (twenty five times more) as compared to 
that of 2000 cycles when it was deposited onto piranha pre-treated Silicone, operated at a 
rotational speed of 200 rpm & normal load of 1 N [65]. 
Researchers have improved the load bearing capacity along with tribological properties by 
using intermediate layer between UHMWPE and substrate. Minn et al. [62] used this idea 
and enhanced the wear life (5 times) by depositing intermediate DLC coating (50 nm) 
between Si substrate and UHMWPE coating as compared to coating without intermediate 
DLC layer. Recently, Samad and Irfan [66] studied the surface modification of Polyether 
Ether Ketone (PEEK) by depositing thin coating of UHMWPE (27 ± 2 µm thickness) by 
using dip coating process. They found that at load of 7 N with linear speed of 0.1 m/s, this 
UHMWPE coating was not failed up to 250,000 cycles. COF was reduced from ̴ 0.3 to  ̴
0.09 and wear life of PEEK was also increased due to this effective modification.  
2.5.4 UHMWPE nanocomposites coatings  
One of the ways to define nanomaterials is that materials having a characteristic length 
scale less than about a hundred nanometers are called nanomaterials. Nanomaterials have 
different mechanical, electrical, magnetic, thermal, and chemical properties than those of 
the bulk due to have more surface area (more grain boundaries) and hence having high 
surface energy.  The improvement of these properties depends on well dispersion of these 
added fillers. One most important development to improve tribological properties of these 
26 
 
polymers is to make nanocomposite coatings by adding nanofillers such as carbon 
nanotubes (CNTs), graphene, etc.  
Samad at el [5] successfully improved the tribological, thermal and mechanical properties 
of the UHMWPE film by adding CNTs in UHMWPE matrix. Recently Z. X. Tai [67] added 
1% graphene oxide nanosheets by weight into UHMWPE which improved micro-hardness 
as well as wear resistance of UHMWPE coating. Samad and Irfan [68] modified the surface 
of Polyether Ether Ketone  (PEEK) by depositing thin nanocomposite coating of 
UHMWPE reinforced with different concentrations of CNTs by using dip coating process.  
Among different wt. % of CNTs, optimum result were obtained at 0.2 wt% of CNTs in 3 
wt% UHMWPE matrix. They found that at normal load of 9 N and linear speed of 0.5 m/s, 
this UHMWPE nanocomposite coating was not failed up to 250,000 cycles. Due to this 
effective modification, COF was reduced from ̴ 0.3 to ̴ 0.09 and wear life of PEEK was 
also increased. It is also to be noted that load bearing capacity in case of nanocomposite 
coatings was increased to 9N which was 7N in their previous study [66] where they 
modified the PEEK surface with pristine UHMWPE coating. 
2.5.5 Tribology of UHMWPE under lubricated conditions  
It is well established that tribological behavior of materials is different in different 
environments. Many researchers evaluated the tribological behavior of UHMWPE 
composites and coatings under lubricated conditions because of different applications.  
Kahyaoglu et al [69] compared the wear rate of UHMWPE (bulk form) at different loads 
against AISI 304L stainless steel surface under distilled water, salt solution and various 
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protein lubrication environments. Wear rate was more in distilled water lubrication 
condition at all loads.  
Yingfei et al [70] improved the tribological properties of UHMWPE bulk by adding 
graphene oxide (varying from 0-1 wt %) in matrix and tested them under deionized water 
and normal saline solution lubricated conditions.  Figure 2.10 below compares the variation 
of wear rate by adding different concentrations of GO in GO-UHMWPE nanocomposites 
under lubricated conditions (deionized water and normal saline solution). Xiong 
Dangsheng [71] reinforced UHMWPE with carbon fiber and investigated the tribological 
behavior of this reinforced bulk composite  under dry as well as distilled water lubrication 
conditions. 
 
Figure 2.10 Comparison of wear rates by adding different concentrations of GO in GO-UHMWPE 
nanocomposites under lubricated conditions (a) deionized water (b) normal saline solution [70] 
Dangsheng Xiong at el [72] evaluated the effect of different lubricated conditions on 
tribological properties of bulk UHMWPE. In their experiments, pin-on-disk configuration 
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was used for tribological testing in which pin was made of UHMWPE (flat circular 
cylinder) and disk was made of Al2O3. They evaluated the COF and wear rate of UHMWPE 
in dry condition as well as under lubrication of distilled water, fresh plasma and saline 
solution. The tribological testing parameters were 20 mm s-1 sliding speed and 10 km 
sliding distance. Figure 2.11 and Figure 2.12 below show the results of COF and wear rate 
with reference to sliding distance. The variation in results is depended on condition of water 
absorption by UHMWPE because due to water absorption shear strength of polymer is 
reduced due to swelling of polymer. The best results regarding wear rate were achieved by 
plasma lubricated conditions because plasma produced crosslinking of polymer hence 
reduce the water uptake by polymer. But COF was slightly increased in this case.  
 




Figure 2.12 Variation in wear rate of UHMWPE under different conditions [72] 
A Golchin et al [73] evaluated the tribological behavior of eleven different polymers (in 
bulk form) under water lubrication by using pin on disk configuration. They found that 
among all of the polymers UHMWPE showed optimum results in terms of wear resistance, 
water contact angle and coefficient of friction. These results can be seen in, Figure 2.13 
and Figure 2.14 below. 
 




Figure 2.14 Specific wear rate of verses water contact angle [73] 
Recently, Samad at el [74] investigated the effect of water uptake on the tribological 
properties of C15A/UHMWPE nanocomposites (bulk) by varying the concentration of 
nanoclay. They used ball-on-disk configuration for wear testing of specimens before and 
after the water uptake at 30 N load with 300 rpm for 5000 cycles.  Following figures below 
compare the results of wear rate and average COF of pristine UHMWPE with UHMWPE 
nanocomposite having different C15A clay loadings. From Figure 2.15 and Figure 2.16 
below it can be noticed that the specific wear rates and average COF of all types of 




Figure 2.15 Comparison of specific wear rate for pristine UHMWPE and UHMWPE nanocomposites with 
varying clay contents before and after water absorption [74] 
 
Figure 2.16 Comparison of average COF for pristine UHMWPE and UHMWPE nanocomposites with varying 
clay contents before and after water absorption [74] 
Regarding investigation of UHMWPE coatings under lubricated conditions very limited 
published work is available. M. A. Samad and S K. Sinha [75] evaluated the CNT-
UHMWPE nanocomposites coating on Aluminum substrate under oil lubricated condition. 
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2.6 Nanoclay (NC) 
The montmorillonite clays belong to phyllosicilate family (2:1 layered silicates) and they 
are inorganic materials which occur naturally. The crystal structure of nanoclay consists of 
two-dimensional layers in which one layer of octahedral (AlO6) is sandwiched between 
two layers of tetrahedral (SiO4). Chemical structure of montmorillonite is Mx (Al4-xMgx) 
Si8 O20 (OH)4 [76]. The thickness of these layers is ~ 1 nm and the dimensions of other 
sides vary from 30 nm to some microns which depend on the clay’s source and its synthesis 
technique. and have high aspect ratio (> 1000) [77–79]. The gap (~1 nm) between silicates 
interlayers is called “interlayer” or “gallery”. Cations of rare earth metal such as sodium, 
magnesium and calcium can entrap in these galleries. On the basis of degree of dispersion 
of these clay platelets in the polymer matrix, different structures can be formed which are 
intercalated, phase separated and exfoliated as seen in Figure 2.17 below. Clay particles 
on basis of their composition are hydrophilic and can be converted into organophilic by 
ion- exchange method in which inorganic cations in gallery are being exchanged with 





Figure 2.17 (a) Structure of 2:1 phyllosilicates (b) Different structures based on mixing of polymer chains with 
layered silicates [76, 80] 
In recent years, a lot of development in polymer layered silicates nanocomposites has been 
carried out due to outstanding properties offered by these nanocomposites as compared to 
pristine polymers. These properties include increased heat resistance and strength [81], 
high moduli [82], reduction in gas permeability and flammability [83, 84] 
Kaloshkin et al. [85] evaluated the tribological and mechanical properties of clay-
UHMWPE nanocomposite in which clay was used as reinforcement. Their study showed 
that modulus of elasticity was increased by increasing clay contents (0 to 30 wt. %) while 
ductility was decreased. And by increasing clay contents, wear rate was decreased from 
120 x 10-6 mm3/Nm to 70 x 10-6 mm3/Nm.  
Recently, Samad at el [86] evaluated the tribological behavior of UHMWPE 
nanocomposites reinforced with different concentrations of C15A organoclay varied from 
0.5 wt% to 3 wt%. By adding nanoclay in UHMWPE, they found that the COF and wear 
rate were decreased. Especially 1.5 wt% of clay in UHMWPE matrix exhibited best results 
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because of well dispersion of clay platelets in the matrix and adherent transfer film formed 
on the counterface ball.  
Although different researchers have used nanoclay as filler in other different composites 
and coatings but nobody has used nanoclay as nanofiller in UHMWPE coating up till now. 
2.7 Carbon nanotubes (CNTs)  
They are allotropes of carbon and have cylindrical structures with diameter of few 
nanometers and length of several millimeters. They are light, flexible, thermally stable, and 
are chemically inert [87]. They can be multi-walled carbon nanotubes (MWNTs) or single 
walled carbon nanotubes (SWNTs) multi walled carbon nanotubes (MWNTs) as shown in 
Figure 2.18 below. MWNTs contain multiple rolled tubes (concentric layers) of graphene. 
  
Figure 2.18 Structures of SWNT and MWNT 
They have high tensile strength (11~63 GPa), extraordinary thermal conductivity (1750-
5800 W/mK), large aspect ratio (>1000), high electrical conductivity and low thermal 
expansion coefficient [4]. Such a combination of these properties makes them pioneer. The 
Table 2.2 below compares some mechanical properties of CNTs with other materials. 
CNTs can be used in different applications in different ways as shown in Figure 2.19 below. 
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Table 2.2 Comparison of some mechanical properties of CNTs with various materials [4] 
 
 
Figure 2.19 Application of CNTs in tribology [88] 
Many researchers used CNTs as nanofiller due to its extraordinary properties in the 
UHMWPE matrix in the form of bulk as well as coating. Xue et al. [89] studied the effect 
of addition of MWCNTs (functionalized with nitric acid) on creep and wear resistance of 
UHMWPE/HDPE composite. They proved that by adding MWCNTs from 0.2 to 2 wt% 
wear resistance of nanocomposite increased. By adding 0.5 wt% MWCNTs to the 
UHMWPE/HDPE mixture, wear rate was reduced approximately 50%. 
Zoo et al. [90] found the effect of CNT addition on the tribological 
properties of UHMWPE. They found that (Figure 2.20 below) with the addition of CNT 
from 0 to 0.5 wt%, wear loss reduced from 0.35 to 0.025 mg. One more thing they observed 
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by adding 0.5 wt% of CNTs was that COF was increased from 0.07 to 0.12 due to 
extraordinary mechanical properties of CNTs (Figure 2.21 below). The increase or 
decrease of COF is a complex behavior because it is also found in literature that by adding 
5% CNTs in High density Polyethylene (HDPE), COF was decreased up to 12 % [91]. 
Because it is possible that during plastic deformation, CNTs are detached from composite’s 
surface and these detached debris can behave as solid lubricant particles. But wear rate 
always decrease by adding CNTs.  
 




Figure 2.21 COF with respect to CNT contents after wear test [91] 
S.R. Bakshi et al [6] deposited 5% MWNT- UHMWPE nanocomposites coating on a steel 
substrate by using electrostatic spraying process. By making this nanocomposite coating, 
they enhanced the wear resistance of coating as compared to pristine UHMWPE with 
slightly increase in COF due to CNTs addition which has high shear strength.  
To get benefits from the outstanding properties of CNTs, it is necessary that these 
reinforcements should be well dispersed in matrix and have good interfacial bonding with 
matrix. Otherwise due to agglomeration of these fillers, the required properties will be 
deteriorated. In his studies, Bal et al. [92] found that due to poor dispersion of CNTs tensile 
strength, electrical conductivity and thermal conductivity of matrix polymer were 
deteriorated. The graphs in Figure 2.22 below show trend of these above mentioned 
properties by addition of CNTs in polymer matrix and also show the comparison between 
the well dispersed and poorly dispersed CNTs. For well dispersion of CNTs various 
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methods such as ball mill or sonication are used. For good interfacial bonding of CNTs 
with matrix, functionalization of CNTs by different means has been done. 
 
Figure 2.22 Variation of (a) Electrical conductivity (b) Tensile strength (c) Thermal conductivity with addition 
of CNTs and effect of dispersion [92] 
2.8 Hybrid nanocomposite coatings 
Since from the past few years, a lot of interest has been generated by a new approach 
namely, development of hybrid nanocomposites in the bulk form or coatings. A hybrid 
nanocomposite or a hybrid nanocomposite coating is a new emerging approach of 
reinforcing any parent matrix with two or more nanofillers to mainly take advantage of the 
individual properties of each of the nanofiller into one product. 
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Hence efforts are being made to develop polymer based hybrid nanocomposite coatings 
and films to obtain synergic benefits in various fields such as in thermal, optical, anti-
corrosion and electronic applications. In the field of tribology, various researchers 
developed bulk hybrid nanocomposites for better tribological properties [93, 94]. However, 
no effort was made to develop a hybrid nanocomposite coating by adding “two different 
nanofillers” for the improvement in the tribological properties so that these coatings can be 
used in different environments. 
2.9 Summary  
In view of the extensive literature review presented above it can be noted that there is still 
a lot of scope to further improve the properties of these polymer nanocomposites and their 
coatings so that they can be used in varying environments.  Hence, there is an urgent need 
to further enhance the properties of these coatings so that they will be able to function and 
protect the sliding components against wear and tear, irrespective of the environment they 
are exposed to.  
Thus we were motivated to explore a novel approach of developing a hybrid 
nanocomposite coating to solve this problem. For this purpose, it is very essential that the 
developed hybrid nanocomposite coating should have a low COF, high wear resistance, 
high load bearing capacity and high resistance to water absorption. 
As can be seen from the literature, UHMWPE is one of the most suitable polymer among 
all other polymers which can be used for coating purposes in tribological applications 
because of its unique properties such as low COF, high abrasion resistance, self-lubricity, 
high durability and high impact resistance. However, it has some limitations such as low 
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thermal properties, load bearing capacity and low Young’s modulus. To overcome these 
limitations two nanofillers CNTs and nanoclays are used individually due to their unique 
properties as discussed above. 
Hence in view of the above justification, we defined the main objective of our study to be 
as follows: To develop and characterize the tribological performance of a novel hybrid 
nanocomposite coating of UHMWPE reinforced with carbon nanotubes (CNTs) and 
nanoclay (C15A) under dry and water lubricated (with/without abrasives) conditions for 
mechanical bearing applications. CNTs shall be added to improve the load bearing 
capacity of the coating and nanoclay will be added to improve the resistance to water 





3 CHAPTER 3 
Experimental Work 
The details of the materials, experimental procedure for the development of nanocomposite 
coatings and the characterization techniques used for evaluation of these coatings will be 
described in this chapter.  
3.1 Materials 
3.1.1 UHMWPE powder  
UHMWPE powder was provided by Good Fellow Corp (Cambridge, UK) with following 
specifications; average particle size = 80 to 90 μm and density = 0.94 g/cm3. Figure 3.1 is 
the SEM image of UHMWPE powder. 
 
Figure 3.1 SEM image of UHMWPE powder 
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3.1.2 Nano Clay 
Organically modified Montmorillonite, Cloisite (C15A) clay modified with quaternary 
dimethyl dihydrogenated ammonium was used which was provided by Southern Clay 
Product, USA. Its specific gravity was in the range of 1.7- 1.9. Figure 3.2 is the SEM image 
of nanoclay sheets in the form of clusters. The composition of nanoclay was as follow; C 
= 39.3 wt%, O = 38.5 wt%, Mg = 0.6 wt%, Al = 5.6 wt%, Si = 14.2 wt% and Fe = 1.9 wt%. 
 
Figure 3.2 SEM image of C15A nanoclay 
3.1.3 Carbon Nanotubes 
Functionalized multi-walled carbon nanotubes (MWCNTs) were provided by Chemical 
laboratory, KFUPM having an average diameter of 23 ± 3 nm. Figure 3.3 is the SEM image 
of CNTs. 
 
Figure 3.3 SEM image of CNTs 
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3.1.4 Silicon carbide (SiC) abrasives  
Hard SiC particles with particle size of 6 μm ± 0.2 were used as an abrasive media during 
sliding tests with abrasives. Figure 3.4 is the SEM image of SiC abrasives. 
 
Figure 3.4 SEM image of SiC abrasives 
3.2 Preparation of nanocomposite powders for coating  
Figure 3.5 below shows the nanocomposite powder preparation setup. Nanocomposite 
powders were prepared by using sonication method coupled with magnetic stirring. 
Weighted amount of required filler(s) was sonicated for 10 min by using probe sonicator 
in ethanol solvent (50 ml) with an on/off time cycle of 20/5 s and an amplitude of 30% to 
disperse them uniformly. The sonication time was selected to be 10 minutes because in 
studies it was found that beyond 12 minutes, the shortening of nanotubes took place which 
deteriorated their properties [95]. The mixture of filler (s) and ethanol was stirred at 1000 
rpm for 2 min using magnetic stirrers to further disperse the fillers uniformly. Then 
weighted amount of UHMWPE powder was added slowly in this mixture and this 
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nanocomposite mixture was left for magnetic stirring for 1 h. Finally, this nanocomposite 
powder was placed in a furnace to evaporate ethanol at 80 °C for 24 h.                               
 
Figure 3.5 Nanocomposite powder preparation setup (a) Probe sonication of filler material (b) Mixing of filler 
and polymer matrix by magnetic stirring (c) Drying of nanocomposite powder 
3.3 Substrate preparation before coating  
3.3.1 Grinding 
Aluminum alloy (Fe = 0.15%, Si = 0.17%, Mn = 0.5%, Mg = 0.6%, Cr = 0.1%, Ni = 0.3 
and the rest = Al) was used as substrate with samples size of 25 x 25 x 6 mm. Aluminum 
is selected as a substrate because of its light weight and high strength to weight ratio due 
to which it is replacing other metals in most of the tribological applications. Before coating, 
the substrate was grinded properly by using two different grit size papers (120 and 240) to 




Figure 3.6 Grinding machine 
3.3.2 Ultrasonic cleaning and drying  
After grinding, samples were cleaned with acetone by using ultrasonic cleaning method 
for 15 minutes. Benefit of ultrasonic cleaning is that sound waves hit the sample and 
remove the attached debris particle which is necessary prior to coating. After cleaning, 
samples were dried using an air blower. Figure 3.7 below is the ultrasonic bath cleaner used 
for cleaning purpose. 
 
Figure 3.7 Ultrasonic cleaner. 
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3.3.3 Plasma treatment 
 To obtain a good bonding between the coating and the substrate, it is essential that the 
surface of the substrate is free of any impurities such as hydrocarbons and should have a 
higher surface free energy. Plasma treatment is one such process that helps in cleaning the 
surface (carbon cleaning effect) and functionalizing the surface by creating carboxyl 
dangling bonds (oxidation effect) which helps in improving the adhesion between the 
coating and the substrate [63]. There are other chemical treatments such as Piranha 
treatment [63] to increase surface energy but they are toxic due to Hazardous chemicals 
(e.g. H2O2, H2SO4). But plasma treatment is most favorable due to some advantages such 
as environmental friendly, cost effective, easily adaptable to industrial applications, no 
hazardous chemicals used, and less time consuming. 
After drying the samples, the plasma treatment was performed on samples using Harrick 




Figure 3.8 (a) Schematic diagram of plasma treatment showing the carbon cleaning effect and the oxidation 
effect (b) Harrick plasma equipment 
3.4 Coating procedure  
Electrostatic spray gun (Model no 17288, Craftsman®) was used for depositing the 
powders on the substrate. The benefits of using the electrostatic powder spray coating 
method over other conventional methods are as follows; it is quick, easy, has no 
requirement of different solvents for specific polymer, environment friendly, energy 
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efficient and results in less wastage of materials. The basic principle of electrostatic spray 
gun is that negatively charged powder particles are deposited on positively charged sample.  
Cleaned and plasma treated substrates were preheated for 5 min at 180 °C and then the 
powder of required composition was sprayed on the preheated substrates to get a uniform 
coating of the powder. The powder coated samples were heated on the heating plate at 180° 
C for 30-35 min and then air cooled for uniform consolidation of the polymer powder. 
 
Figure 3.9 Electrostatic spray gun  
3.5 Characterization techniques  
3.5.1 X-ray diffraction (XRD) 
 XRD technique was conducted for analysis of the prepared nanocomposite powders by 
using X-ray machine (Bruker D8, USA). X-ray source was Cu Kα radiation having a 
wavelength of 1.5407 Å. The powdered samples were analyzed from 2° to 70° with a step 
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size of 0.02°. The intergallery distance (d-spacing) was measured by using Bragg’s 
equation (2dSinθ=nλ) after analyzing characteristic peak of clay at certain angle. 
3.5.2 Raman spectroscopy  
Raman spectroscopy was performed on CNT-nanocomposite and hybrid nanocomposite 
powders to analyze the interfacial interaction of CNTs within UHMWPE matrix by using 
Raman Microscope (DXRTM, Thermo Scientific®, USA). Following details were used for 
the analysis; Laser power = 1–2 (mW), Laser wavelength = 455 nm, aperture = 50 mm and 
spot size = 0.6 mm. On each of the sample, three spectrums were obtained at different 
locations and typical images are presented 
3.5.3 Dispersion analysis   
Field emission scanning electron microscope (FE-SEM) assembled with Schottky field 
emission gun (TESCAN®, Czech Republic) was used to analyze the typical dispersion of 
nanofillers in UHMWPE matrix. The analysis was carried out with the help of a secondary 
electron detector at a voltage of 20 kV at various locations and typical images are presented. 
Thin gold coating was deposited on each sample, prior to analysis, to make it conductive. 
3.5.4 Thickness measurements 
FE-SEM was used to measure coating thicknesses by analyzing cross sectional area of 
coated samples with the help of FE-SEM. The analysis was carried out with the help of a 
secondary electron detector and at a voltage of 20 kV. Thin gold coating was deposited on 
each sample, prior to analysis, to make it conductive. Three readings for each set of samples 
were taken and average value of coating thickness was reported.  
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3.5.5 Hardness measurements  
 Micro indentation equipment provided by CSM instruments® was used to measure 
hardness. A normal load of 0.2 N was applied for 10 s with a constant loading and 
unloading rate of 0.4 N/min with the help of a pyramidal shaped diamond indenter. Ten 
readings on each sample at various locations were recorded and average value is reported. 
To avoid the substrate effect, it was made sure that penetration depth was less than 10% 
[96] of the coating thickness (directly calculated by machine) during indentation. Based on 
this observation, a normal load of 0.2 N was selected after optimization during hardness 
measurements on all the coatings. 
3.5.6 Tribological testing  
 Ball-on-disk configuration was used to conduct friction and wear tests on coated samples 
by using a tribometer (UMT-3, USA) under dry and water lubrication. Stainless steel ball 
of Grade 440C (ø = 6.3mm, hardness = 62 RC) was used as a counterface at room 
temperature with a relative humidity of 55 ± 6%. The counterface ball was cleaned well 
with acetone before every test.  For wear tests under water lubrication, 45 ml of deionized 
water (DI water) was used.  For abrasive testing, 1 g of SiC was added in 45 ml of DI water. 
Due to the long duration of the tests the lubricant container was refilled with DI water after 
every 4 hours to maintain the water level constant (up to 45 ml) because of the evaporation  
of water . After every test, the counterface ball was examined under an optical microscope 
(MT7000, Meiji, Japan) to analyze the transfer film phenomenon before and after cleaning 
of the ball. Three tests were performed for each set of samples and the average value of 




Figure 3.10 Tribometer used in current study 
 
Figure 3.11 Lubrication assembly setup used in tribometer for current study 
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3.5.7 Wear morphology analysis and surface characterization 
FE-SEM was used for wear track analysis to figure out the wear morphology and type of 
wear mechanisms involved. EDS was carried out for confirmation of coating failures by 
analyzing the composition of coatings inside and outside of wear tracks. Thin gold coating 
was deposited on each sample prior to SEM analysis to avoid charging effect on surface of 
polymer coatings. Moreover, 2D and 3D wear profiles were recorded to measure the wear 
track profile depth (Z) with the help of optical profilometer (GTK-A, Bruker, USA). 
Surface roughness of pristine and all type of coatings reinforced with different loadings of 









4 CHAPTER 4 
RESULTS AND DISCUSSION 
Phase 1 - Development and characterization of nanocomposite and 
hybrid nanocomposite coatings under dry conditions 
In the first phase, optimization of nanofiller loadings was carried out through tribological 
characterization under dry conditions. Phase 1 is further divided into three sections (4.1, 
4.2 & 4.3) where different combination of nanofillers were optimized as described below. 
4.1 Development and characterization of C15A/UHMWPE 
nanocomposite coatings 
In this section, our findings from the tribological characterization and analysis of pristine 
UHMWPE and UHMWPE nanocomposite coatings reinforced with three different 
nanoclay loadings (0.5, 1.5, 3 wt%), deposited onto aluminum substrate under dry 
conditions, are discussed. XRD and SEM analysis were used for structural characterization 
of nanocomposite coatings. Then thickness and hardness measurements were conducted. 
Later, tribological evaluation of coatings, coupled with SEM analysis and optical 
profilometry to study wear mechanism involved, was carried out. Similar type of 
methodology was adopted in other phases as well. The results are presented below. 
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4.1.1 Structural analysis by XRD  
On the basis of degree of dispersion of clay platelets in the polymer matrix, different 
structures such as intercalated, phase separated and exfoliated can be formed. These 
different dispersion levels can be characterized qualitatively by using XRD analysis in 
terms of absence or shifting of signature peaks. No shifting of the characteristic peaks in 
the XRD pattern indicates the formation of phase separated morphology, because of the 
presence of clay aggregates. In case of intercalated morphology, shifting of characteristic 
peak towards lower angle in the XRD pattern is observed because of partial entering of the 
polymer chains into the intergallery distance between the layered silicates. In case of 
exfoliated morphology, no characteristic peak is observed in XRD pattern because of 
complete entering of the polymer chains into the intergallery distance between the layered 
silicates which separate the clay platelets. In consequence of exfoliation of clay platelets, 
uniform dispersion of these platelets is obtained which is most desirable morphology 
among all of them [97]. 
Figure 4.1 shows the characteristic peaks for pristine UHMWPE at 21.66° and 24.16° 
corresponding to (110) and (200) planes respectively [98]. The peaks of C15A are observed 
at 3°, 7.4° and 20.3° corresponding to an intergallery distance (d-spacing) of 2.94 nm, 1.2 
nm and 0.44 nm respectively as also observed in literature [99]. In case of nanocomposites, 
characteristic peaks of clay are missing except for 3 wt% C15A/UHMWPE which showed 
a distinct peak which shifted towards the lower angle of 4° corresponding to an intergallery 
distance of 2.2 nm. The increase in intergallery distance from 1.2 nm to 2.2 nm suggests 
the possibility of the formation of intercalated morphology in which polymer chains have 
been entering in intergallery spacing. Similar kind of peak shifting was also observed by 
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Marija et al. where they reinforced poly (ε-caprolactone) matrix with different loadings of 
C15A [100]. However, in case of 0.5 wt% and 1.5 wt% nanoclay composites, no distinct 
peak is observed at this particular angle which suggests the possibility of formation of 
exfoliated morphology.  
 
Figure 4.1 XRD patterns of pristine UHMWPE, C15A organoclay and C15A reinforced UHMWPE 
nanocomposites with different loadings of clay 
4.1.2 Dispersion analysis 
Figure 4.2 represents the cross sectional FE-SEM images of nanocomposite coatings with 
different clay loadings at magnification of 50000x. No or negligible agglomeration of 
nanoclay was observed in case of 0.5 wt% and 1.5 wt% nanoclay loadings as seen in 
Figure 4.2(a) and (b)  but in 3 wt% loading, agglomeration occurred as highlighted in 
Figure 4.2(c).  Moreover, EDS-elemental dot maps of nanocomposite powders were 
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recorded to further analyze the dispersion of nanoclay in UHMWPE matrix. Figure 4.3 
shows dot maps of silicon (Si) and carbon (C) exhibiting nanoclay (layered silicates) and 
UHMWPE respectively. By analyzing the distribution of Si in elemental dot maps, the 
dispersion of nanoclays can be observed.  It can be concluded from Si dot maps as shown 
in Figure 4.3 that in case of 0.5  and 1.5 wt% nanoclay loadings there was no or negligible 
signs of nanoclay agglomerates. However, 3 wt% nanoclay loading exhibited agglomerates 
in UHMWPE matrix indicating ineffective dispersion and bonding between polymer and 
clay platelets. Similar kind of dispersion analysis techniques for nanoclays in different 








Figure 4.3 SEM-EDS elemental map images of C15A/UHMWPE nanocomposite powders with different loadings 
of C15A for carbon (C) and Silicon (Si) 
4.1.3 Thickness measurement results 
Figure 4.4 shows the thickness measurements of pristine UHMWPE and C15A/UHMWPE 
nanocomposite coatings. There was no difference in thicknesses values with the addition 
of nanoclay. The average value for thickness was approximately similar and measured as 




Figure 4.4 Cross sectional images of pristine UHMWPE and C15A/UHMWPE nanocomposite coatings for 
thickness measurements 
4.1.4 Surface characterization of the coatings 
Surface roughness (Ra) of pristine UHMWPE and nanocomposite coatings are shown in 
Figure 4.5 showing 3D images of coating’s surfaces.  There was no appreciable effect on 
















Figure 4.5 Surface roughness (Ra) of Pristine UHMWPE and C15A/UHMWPE nanocomposite coatings with 
different loadings of nanoclay 
4.1.5 Hardness measurement results  
Figure 4.6 represents the variation in hardness with the addition of different loadings of 
C15A nanoclay in UHMWPE matrix. It can be seen that hardness of nanocomposite 
coatings was increased with the increase in nanoclay loadings. The increase in the hardness 
is attributed to the bridging effect provided by the clay platelets in the soft polymer matrix 





Figure 4.6 Comparison of the hardness of C15A/UHMWPE nanocomposite coatings with different loadings of 
C15A 
4.1.6 Tribological results 
 Generally the contact pressure in bearings of ship rudders and units of hydraulic turbines 
is ~50 MPa [104]. Based on this observation, initially, pristine UHMWPE coatings were 
evaluated for their load bearing capacity at different normal loads (5N, 7N and 9N) at a 
linear sliding speed of 0.1m/s (480 rpm) and a wear track radius of 2 mm for 10,000 cycles 
(sliding distance = 125 m). The wear tests were stopped in case of large values/ fluctuations 
in COF (beyond 0.3) as observed in the frictional graphs indicating the metal to metal 
contact due to failure of the coating. Figure 4.8 presents the typical frictional graphs of 
pristine UHMWPE coatings at three different loads (5, 7 and 9 N). From these graphs, it 
can be clearly seen that these coatings did not fail until 10,000 cycles at normal load of 5 
and 7 N. However, there was a complete failure of the coating at a normal load of 9 N just 
after ~5200 cycles. The exposed substrate in the photograph of the wear track and scar 
mark on the corresponding counterface (after cleaning) as shown in Figure 4.8 clearly 
62 
 
indicated the failure of coating at 9 N. However, these signs of failure were not observed 
in case of coatings tested at 5 and 7 N. 
Later, C15A/UHMWPE nanocomposite coatings with three different clay loadings (0.5, 
1.5 and 3 by wt%) were developed and tested at higher normal loads of 9 and 12 N for 
10,000 cycles, at a wear track radius of 2 mm and a linear sliding speed of 0.1 m/s (480 
rpm) to evaluate the improvement in tribological performance. 
Figure 4.9 compares the average wear life of pristine UHMWPE and C15A/UHMWPE 
nanocomposite coatings at a normal load of 9 N and a linear sliding speed of 0.1 m/s. It is 
clear from Figure 4.9 that only 1.5 wt% C15A/UHMWPE nanocomposite coating 
completed its wear life up to 10,000 and test was stopped while 0.5 wt% C15A/UHMWPE 
and 3 wt% C15A/UHMWPE nanocomposite coatings failed just after ~5500 and ~8000 
cycles respectively. SEM images along with the corresponding EDS spectrums showing 
Al peak at 1.49 keV and scar mark on counterface ball as shown in Figure 4.10 confirmed 
the failure of 0.5 wt% C15A/UHMWPE and 3 wt% C15A/UHMWPE nanocomposite 
coatings. However, EDS spectrum in case of 1.5 wt% C15A/UHMWPE nanocomposite 
coating showed no Al peak and the wear mechanism was only plastic deformation. 
The optimum performance of 1.5 wt% C15A/UHMWPE nanocomposite coating  is 
attributed to the exfoliation of the clay platelets in the polymer matrix that provides 
bridging effect and holds the polymer chains together as confirmed from XRD results 
(Figure 4.1), SEM images (Figure 4.2) and EDS-elemental map images (Figure 4.3). 
However, 0.5 wt% C15A/UHMWPE nanocomposite coating failed which can be attributed 
to the insufficient bridging effect due to the lower amount of the nanoclay while 3 wt% 
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C15A/UHMWPE nanocomposite coating failure can be attributed to the agglomeration of 
nanoclay or possible formation of two phase structures; softer phase (polymer matrix 
alone) and harder phase (clay platelets because of their high surface energy) causing poor 
bonding and insufficient bridging effect between polymer and nanoclay as clearly indicated 
in XRD results (Figure 4.1), SEM images (Figure 4.2) and EDS-elemental map images 
(Figure 4.3). The softer phase (polymer matrix alone) may act as weak areas for the 
initiation of failure/peeling off of the coating.   Regarding the coefficient of friction, no 
appreciable difference was observed in case of pristine as well as nanocomposite coatings 
as shown in Figure 4.7. 
 
Figure 4.7 Comparison of average coefficient of friction of pristine and nanoclay/ UHMWPE nanocomposite 
coatings   
To further evaluate the load bearing capacity of 1.5 wt% C15A/UHMWPE nanocomposite 
coating, it was tested at a normal load of 12 N for 10,000 cycles with same other parameters 
(linear speed = 0.1 m/s and rpm = 480). Typical frictional graph in Figure 4.11 shows that 
coating failed very early (below ~2000 cycles). SEM image as well as corresponding EDS 




Figure 4.8 Typical frictional graphs (left), photographs of wear tracks (middle) and counterface ball (right) of 
pristine UHMWPE coatings after the wear tests performed at normal load of 5, 7 and 9 N and a linear sliding 
speed of 0.1 m/s 
 
Figure 4.9 Comparison of average wear life of pristine UHMWPE and C15A/UHMWPE nanocomposite coatings 




Figure 4.10 Typical frictional graphs of pristine UHMWPE and C15A/UHMWPE nanocomposite coatings along 
with FE-SEM images (middle) and EDS spectrums (right) after wear tests performed at normal load of 9 N and 




Figure 4.11 Typical frictional graph of 1.5 wt% C15A/UHMWPE nanocomposite coating along with FE-SEM 
image of wear track and EDS spectrum after wear test conducted at 12 N and a linear sliding speed of 0.1 m/s 
4.1.7 Effect of linear sliding speed on tribological performance of 1.5 
wt% C15A/UHMWPE nanocomposite coating 
 After the above screening tests, it was confirmed that only 1.5 wt% C15A/UHMWPE 
nanocomposite coating did not fail at a normal load of 9 N. In order to further investigate 
the tribological performance of this nanocomposite coating, wear tests were performed at 
different linear  speeds of 0.1, 0.2 and 0.3 m/s respectively, at a normal load of 9 N for 
25,000 cycles (sliding distance = 314 m) and wear track radius of 2 mm. Figure 4.12 shows 
the typical frictional graphs of 1.5 wt% C15A/UHMWPE nanocomposite coatings (a) to 
(c), FE-SEM images of wear tracks (d) to (f), 3D optical profile images of wear tracks (g) 
to (f) and profile depths of wear tracks (j) to (l) after wear tests performed at normal load 
of 9 N and linear sliding speeds of 0.1, 0.2, 0.3 m/s. It is clear from Figure 4.12 that the 
nanocomposite coating at a linear speed of 0.1 m/s did not fail even until ~25,000 cycles 
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as confirmed by the corresponding SEM image showing only plastic deformation as well 
as wear track profile depth (Z) which was only 30 μm (less than the coating thickness of 
125 μm). However, the nanocomposite coating failed at linear sliding speeds of 0.2 and 0.3 
m/s showing a wear life of ~22,500 and ~9,000 cycles respectively. The corresponding 
SEM images and wear profile depths approaching to the coating’s thickness (125 μm) 
confirmed the failure of coatings at linear sliding speeds of 0.2 and 0.3 m/s. It is well 
established that the contact temperature plays a significant role in the wear of polymers. 
Since UHMWPE polymer starts to lose its dimensional stability at the temperatures above 
80 to 90 °C [3], it is possible that with any increase in the linear sliding speed, the localized 
contact temperature would have been raised beyond 80 to 90 °C which caused the softening 




Figure 4.12 Typical frictional graphs of 1.5 wt% C15A/UHMWPE nanocomposite coatings (a) to (c), FE-SEM 
images of wear tracks (d) to (f), 3D optical profile images of wear tracks (g) to (f) and profile depths of wear 
tracks (j) to (l) after wear tests conducted at a normal load of 9 N at linear sliding speeds of 0.1, 0.2, 0.3 m/s 
4.1.8 Accelerated wear life testing  
Long term wear test was performed to confirmed the sustainability of 1.5 wt% 
C15A/UHMWPE nanocomposite coating to protect metallic components at a normal load 
of 9 N at linear sliding speed of 0.1 m/s for 100,000 cycles (sliding distance = 1.3 km). 
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Figure 4.13 shows the typical frictional graph showing no failure of the coating even after 
100,000 cycles indicating excellent wear resistance of this particular coating to protect the 
metallic component at a normal load of 9 N.  Insets in Figure 11 show the 3D-optical image 
and a comparison of the 2D-optical wear profiles of wear tracks after the wear test 
conducted at a normal load of 9 N and linear speed of 0.1 m/s for 25,000 and 100,000 
cycles. It can be clearly seen that there was only a difference of about ~ 10 μm in the profile 
depth (Z) of the wear tracks due to plastic deformation even after 100,000 cycles as 
compared to that after 25000 cycles indicating the excellent wear resistance of the coating 
which can be sustained even beyond 100,000 cycles at a normal load of 9 N and a sliding 
speed of 0.1 m/s. 
 
Figure 4.13 Typical frictional graph of 1.5 wt% C15A/UHMWPE nanocomposite coating for a wear test 
conducted at a normal load of 9 N and a linear sliding speed of 0.1 m/s for 100,000 cycles. Inset (Left): 3D optical 
image of the wear track. Inset (Right): Comparison of 2D-Optical wear profiles of wear tracks after wear test 




From this section, it is found that pristine UHMWPE coating failed at a normal load of 9 
N and linear sliding speed of 0.1 m/s just after ~5200 cycles while among the three 
combinations of C15A/UHMWPE nanocomposite coatings, only 1.5 wt% 
C15A/UHMWPE nanocomposite coating exhibited excellent wear life as it did not fail 
even until ~100,000 cycles at a normal load of 9 N and a linear sliding speed of 0.1 m/s 
due to the exfoliation and uniform distribution of clay platelets in the polymer matrix that 
provides a bridging effect and holds the polymer chains together instead of being pulled 
out easily. However, at a normal load of 12 N and a linear speed of 0.1 m/s, 1.5 wt% 
C15A/UHMWPE nanocomposite coating failed very early (< 2000 cycles) indicating that 










4.2 Development and characterization of CNTs/UHMWPE 
nanocomposite coatings  
In our findings presented in section 4.1, we concluded that 1.5 wt% C15A/UHMWPE 
nanocomposite coating (optimized) failed earlier at a normal load of 12 N. Hence to 
increase the wear life and the load bearing capacity of the pristine UHMWPE coating under 
dry conditions, it was reinforced with different loadings (0.5, 1.5 and 3 wt%) of CNTs. In 
this section, the characterization and analysis of CNT/UHMWPE nanocomposite coating 
will be discussed. The findings shall suggest how effective CNTs were in the polymer 
matrix in increasing the load bearing capacity. Table 4.1 below shows compositions of the 
prepared coatings with their respective designations used in this study. 
Table 4.1 Classification and designation of samples in section 4.2 























4.2.1 XRD analysis of pristine and CNT-nanocomposite powders  
Figure 4.14 shows the characteristic peaks for pristine UHMWPE at 21.66° and 24.16° 
corresponding to (110) and (200) planes respectively [98] and  for CNTs at 25.58° 
corresponding to (002) plane [105]. In case of all CNT-nanocomposites, the characteristic 
peak of CNT is absent as shown in Figure 4.14 which is an indication of uniform dispersion 
of CNTs in the polymer matrix. However, the intensity of UHMWPE characteristic peaks 
in CNT-nanocomposites decreased with the increase in nanofiller concentrations.  
 
Figure 4.14 XRD patterns of CNT-nanocomposites  
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4.2.2 Raman spectroscopy of pristine and CNT-nanocomposite powders 
Figure 4.15 show the Raman spectra of CNT-nanocomposites along with the spectra of 
UHMWPE and CNTs in the range of 1000-2000 cm-1. The characteristic peaks for CNTs, 
corresponding to D and G bands, are at 1360 cm-1 and 1575 cm-1. D band delineates 
disordered graphitic structures whereas G band is due to tangential stretching of  C–C bond 
[106, 107]. Pristine UHMWPE shows its high characteristic peaks at 1064 cm-1, 1130 cm-
1, 1297 cm-1and 1440 cm-1. The characteristic peaks at 1064 cm-1 and 1130 cm-1 represent 
asymmetric and symmetric stretching modes of C-C bonds [108, 109] whereas peaks at 
1297 cm-1 and 1440 cm-1 indicate twisting and bending modes of CH2 [110]. Figure 4.15 
show that with the addition of CNTs in UHMWPE, G band in all CNT-nanocomposites 
shifted towards higher frequency of 10 cm-1. The shifting of the G band towards higher 
frequencies can be attributed to disentanglement of the CNTs followed by dispersion in the 
UHMWPE matrix due to penetration of polymer into the CNT bundles. The up-shift also 
represents strong compressive forces associated with polymer chains on CNTs suggesting 




Figure 4.15 Raman spectra for CNT-nanocomposites 
4.2.3 Evaluation of the coatings for dispersion of CNTs and thickness 
measurement 
FE-SEM images of the cross section of CNT-nanocomposite coatings were evaluated to 
conduct the dispersion analysis of CNTs in polymer matrix at magnification of 50,000 x as 
shown in Figure 4.16. There were no or negligible signs of CNTs agglomeration for 
Sample-A and B as can be seen in Figure 4.16. But Sample-C showed agglomerates or 
clusters of CNTs which indicates the ineffective dispersion and bonding between polymer 
and nanofillers as the CNTs content increased.  
In Figure 4.17, thicknesses of coatings are reported which are the average of three readings 
with a variation of ± 5 µm. In case of pristine UHMWPE coating, thickness was found to 
75 
 
be about 125 µm. Whereas, in case of CNT-nanocomposite coatings, approximately similar 
but higher values (~180 µm) as compared to pristine UHMWPE coatings were observed. 
The reason for this increase in thickness can be attributed to higher thermal conductivity 
of CNTs which converted the nanocomposite powders into partial molten state more 
quickly as compared to pristine UHMWPE during the deposition of powders on preheated 
substrate. In consequence of this early partial melting, more powder particles of 
nanocomposites were fused or deposited on preheated substrate as compared to that of 
pristine UHMWPE where more powder particles were scattered or repelled due to similar 
charge on already deposited powder under the same deposition rate and time of coating.  
 




Figure 4.17 FE-SEM images of the cross-section of pristine and CNT-nanocomposite coatings 
4.2.4 Surface characterization of the coatings 
Surface roughness (Ra) of CNT/UHMWPE nanocomposite coatings are shown in 
Figure 4.18 showing 3D images of coating’s surfaces. It can be noticed that there was 
decrease in roughness of nanocomposite coatings as compared to that of pristine 
UHMWPE (~6 ± 1 µm) due to the addition of CNT in polymer matrix because of excellent 




Figure 4.18 Surface roughness (Ra) of CNTs/UHMWPE nanocomposite coatings with different loadings of 
CNTs 
4.2.5 Hardness evaluation of pristine and CNT-nanocomposite coatings  
Generally, increase in the hardness was found with the increase of loading of CNTs in 
polymer matrix. The increase in hardness is attributed to good mechanical properties of 
CNTs in the soft polymer matrix holding the polymer chains together resulting in greater 
resistance to penetration or indentation. The maximum hardness was observed for Sample-





Figure 4.19 Effect of different loading of CNTs on hardness of the coatings 
4.2.6 Tribological performance of the CNT-nanocomposite coatings 
under dry conditions 
Since pristine UHMWPE coating was failed at a normal load of 9 N and linear sliding 
velocity of 0.1 m/s just after ~5200 cycles as reported (in section 4.1.5) earlier. In order to 
enhance the load bearing capacity of the coating, CNT-nanocomposite coatings of above 
mentioned compositions as shown in Table 4.1 were developed and evaluated at normal 
loads of 9, 12 N respectively for screening purposes at a linear sliding speed of 0.1m/s (480 
rpm) for 10,000 cycles corresponding to a sliding distance of 125 m. Wear track radius for 
all tests was kept constant at 2 mm.  It is to be noted that the wear tests were stopped in 
case there was an indication of a large value of COF (beyond 0.3) suggesting a metal to 
metal contact because of the failure of coating. It was observed that all the nanocomposite 
coatings did not fail until 10,000 cycles at a normal load of 9 N. However at 12 N the 
behavior of the nanocomposite coatings was as follows. From Figure 4.20, it can be seen 
that, only Sample-B (1.5 wt% CNTs/UHMWPE) showed a wear life of 10,000 cycles as 
compared to 0.5 wt% (Sample-A) and 3 wt% (Sample-C) of CNTs. The better performance 
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of Sample-B is attributed to the uniform dispersion of CNTs in the UHMWPE polymer 
matrix as confirmed by the SEM image of nanocomposite coating (Figure 4.16), which 
helps in anchoring the polymer chains in the matrix and preventing them from being pulled 
out. However, the failure of Sample-A (0.5 wt%) earlier than 10,000 cycles can be 
attributed to the insufficient amount of CNTs leading to an ineffective anchoring of the 
polymer chains of the matrix while the failure of Sample-C (3 wt%) can be attributed to 
the agglomerations of CNTs or possible  formation of two phase structures; softer phase 
(polymer matrix alone) and harder phase (CNT’s agglomerates because of their high 
surface energy) as indicated in Figure 4.16 causing poor bonding and bridging effect 
between the polymer matrix and CNTs resulting in an ineffective load sharing by the CNTs 
during the wear test. The softer phase (polymer matrix alone) may act as weak areas for 
the initiation of failure/peeling off of the coating.   The typical frictional graphs, 
photographs of the wear track showing the exposed substrate and the scar mark on 
counterface ball as shown in Figure 4.21 confirmed the failure of all samples except 
Sample-B.  
 
Figure 4.20 Comparison of average wear life of CNT-nanocomposite coatings for 10,000 cycles at a normal load 




Figure 4.21 Typical frictional graphs of CNT-nanocomposite coatings for 10,000 cycles at a normal load of 12 N. 
Inset (left): Photographs of wear tracks on samples. Inset (right): Optical images of counterface at 10x (captured 
after cleaning with acetone) at the end of sliding test 
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Regarding COF, slight changes were observed as its average value increased from ~0.17 
(for pristine UHMWPE) to ~0.2 for CNT-nanocomposite coatings respectively as expected 
due to the hardness of CNTs. The COF results are presented in Figure 4.22. 
 
Figure 4.22 Comparison of average coefficient of friction of pristine and CNT/ UHMWPE nanocomposite 
coatings   
After these screening tests, Sample-B was found to be best in terms of wear life which was 
further tested for longer durations of 100,000 cycles (sliding distance = 1.3 km) at 12 and 
15 N respectively with the same linear speed of 0.1 m/s (480 rpm). From Figure 4.23,  it 
can be seen that at 12 N the nanocomposite coating (Sample-B) did not fail until 100,000 
cycles while this coating failed very early at 15 N. FE-SEM images of wear tracks of 
Sample-B (a & b) after sliding tests conducted at normal loads of 12 and 15 N along with 
their corresponding EDS analysis on the wear track and 2D-Optical wear profiles are 
shown in Figure 4.24. It is clearly seen that at 15 N there was a complete failure of the 
coating as EDS confirmed the peaks of bare aluminum subtrate (which appears at 1.49 
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keV) on the wear track and the wear profile depths (Z) reached to ~180 µm which actually 
is the thicknesses of the coatings. However, at 12 N, no peak of bare aluminum subtrate on 
the wear track was observed and the wear profile depth (Z) was also less than the coating 
thicknesses which confirmed that this coating did not fail. The predominent wear 
mechanism involved in the coating at 12 N was plastic deformation.  
 
Figure 4.23 Comparison of average wear life of Sample-B (1.5CNT/UHMWPE) at normal loads of 12 and 15 N 





Figure 4.24 FE-SEM images of wear tracks of Sample-B (a & b) after sliding tests conducted at normal loads of 
12 and 15 N for 100,000 cycles. Inset (middle): EDS analysis at wear track. Inset (right): 2D-Optical wear 
profiles of wear tracks 
4.2.7 Summary 
From this section, it is found that among the three combinations of CNT/UHMWPE 
nanocomposite coatings, only 1.5 wt% CNT/UHMWPE nanocomposite coating exhibited 
excellent wear life as it did not fail even until ~100,000 cycles at a normal load of 12 N 
and a linear sliding speed of 0.1 m/s. This improvement in the tribological performance is 
attributed to the uniform dispersion of CNTs in the UHMWPE polymer matrix that 
provides a bridging effect and holds the polymer chains together instead of being pulled 
out easily. However, the 1.5wt% CNT/UHMWPE nanocomposite coating failed at a higher 
load of 15 N. 
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4.3 Development and characterization of CNTs/C15A/UHMWPE 
Hybrid nanocomposite coatings 
From section 4.2, we concluded that 1.5 wt% CNT/UHMWPE nanocomposite coating 
(optimized coating) showed a wear life of ~ 100,000 cycles at a normal load of 12 N. Hence 
to further improve the wear resistance of the nanocomposite coating, we took an approach 
of developing a hybrid nanocomposite coating by reinforcing the polymer matrix by two 
nano fillers, namely, nanoclay and CNTs. Even though, nanoclays are known for their 
excellent barrier properties such as improving the resistance to water uptake, they are also 
known to impart good mechanical properties when used as a reinforcement in polymer 
matrices [7]. Hence, in this phase we wanted to evaluate the mechanical/tribological 
properties of the CNT/UHMWPE nanocomposite coating with the addition of 1.5wt% of 
C15A nanoclay which was the optimum amount obtained from section 4.1 with different 
loadings (0.5, 1.5 and 3 wt%) of CNTs.   This shall help in understanding the interaction 
effects of each of the nanofillers with each other and with the polymer matrix on the 
tribological properties of the coating. Table 4.2 shows compositions of samples with their 








Table 4.2 Classification and designation of samples in section 4.3 





















3 wt% CNT/1.5 wt% 
C15A/UHMWPE 
Sample-F 
4.3.1 XRD analysis of pristine and Hybrid nanocomposite powders 
Figure 4.25 shows the characteristic peaks for pristine UHMWPE at 21.66° and 24.16° 
corresponding to (110) and (200) planes respectively [98],  for CNTs at 25.58° 
corresponding to (002) plane [105], for C15A at 2.9° (typical basal reflection) and at 19.9° 
[99]. In all hybrid nanocomposites, characteristic peaks of CNT as well as of C15A 
nanoclay are absent as shown in Figure 4.25 which shows that the nanofillers are dispersed 
uniformly in the UHMWPE matrix. However, the intensity of UHMWPE characteristic 




Figure 4.25 XRD patterns of Hybrid nanocomposite powders 
4.3.2 Raman spectroscopy of pristine and Hybrid nanocomposite 
powders  
Figure 4.26 show the Raman spectra of hybrid nanocomposites along with the spectra of 
UHMWPE and CNTs in the range of 1000-2000 cm-1. Similar to section 4.2.2, it can be 
seen in Figure 4.26 that with the addition of CNTs in UHMWPE, G band in all hybrid 
nanocomposites shifted towards higher frequency. However, the maximum shift of 14 cm-
1 in G band was observed for Sample-E (1.5% CNTs/1.5% C15A/UHMWPE) showing 
excellent interaction of nanofillers with the polymer matrix with a good transfer load 




Figure 4.26 Raman spectra for Hybrid nanocomposite powders 
4.3.3 Evaluation of the coatings for dispersion of nanofillers and 
thickness measurements  
FE-SEM images of the cross section of hybrid nanocomposite coatings were evaluated to 
conduct the dispersion analysis of nanofillers in polymer matrix at magnification of 50,000 
x as shown in Figure 4.27. There were no or negligible signs of CNTs agglomeration for 
Sample-D and E but Sample-F showed agglomeration of CNTs and nanoclay which 
indicates the ineffective dispersion and bonding between polymer and nanofillers as the 
CNTs content increased.  
In Figure 4.28, thicknesses of coatings are reported which are the average of three readings 
with a variation of ± 5 µm. In case of pristine UHMWPE coating, thickness was found to 
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be about 125 µm. Whereas, in case of hybrid nanocomposite coatings, approximately 
similar but higher values (~180 µm) as compared to pristine UHMWPE coatings were 
observed. This trend was found to be similar as in section 4.2.3. 
 




Figure 4.28 FE-SEM images of the cross-section of pristine and Hybrid nanocomposites coatings  
4.3.4 Surface characterization of the coatings 
Surface roughness (Ra) of CNT/C15A/UHMWPE hybrid nanocomposite coatings are 
shown in Figure 4.29 showing 3D images of coating’s surfaces. It can be noticed that there 
was decrease in roughness of nanocomposite coatings as compared to that of pristine 
UHMWPE (~6 ± 1 µm) due to the addition of CNT in polymer matrix because of excellent 




Figure 4.29 Surface roughness (Ra) of Hybrid nanocomposite coatings with different loadings of nanofillers 
4.3.5 Hardness evaluation of pristine and Hybrid nanocomposite coatings 
Generally, increase in the hardness was found with the increase of loadings of nanofillers 
(CNTs and nanoclay) in polymer matrix which is attributed to excellent mechanical 
properties of CNTs in the soft polymer matrix holding the polymer chains together 
resulting in greater resistance to penetration or indentation. In case of hybrid 
nanocomposite coatings, clay platelets also participated in anchoring the polymer matrix. 
Hence maximum hardness was observed for Sample-F (3CNTs/1.5C15A/UHMWPE). 




Figure 4.30 Effect of different loadings of CNTs/C15A on hardness of coatings  
4.3.6 Tribological performance of the pristine and Hybrid 
nanocomposite coatings under dry conditions 
In order to evaluate the increase in load bearing capacity, hybrid-nanocomposite coatings 
of above mentioned compositions in Table 4.2 were developed and evaluated at normal 
loads of 9, 12 N respectively for screening purposes at a linear sliding speed of 0.1m/s (480 
rpm) for 10,000 cycles corresponding to a sliding distance of 125 m. Wear track radius for 
all tests was kept constant at 2 mm.  It is to be noted that the wear tests were stopped in 
case there was an indication of a large value of COF (beyond ~0.3) suggesting a metal to 
metal contact because of the failure of coating. It was observed that all the hybrid-
nanocomposite coatings did not fail until 10,000 cycles at a normal load of 9 N. However, 
at 12 N the behavior of the hybrid-nanocomposite coatings was as follows. From 
Figure 4.31, it can be seen that, only Sample-E (1.5wt% CNT/1.5wt% C15A/UHMWPE) 
did not fail until 10,000 cycles due to an efficient anchoring/bridging effect offered by both 
the reinforcements, CNTs and C15A nanoclay, respectively in the UHMWPE matrix as 
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confirmed by the SEM image of nanocomposite coating (Figure 4.27) which helps in 
anchoring the polymer chains in the matrix and preventing them from being pulled out. 
However, the failure of Sample-D (0.5 wt% CNTs) earlier than 10,000 cycles can be 
attributed to the insufficient amount of CNTs leading to an ineffective anchoring of the 
polymer chains of the matrix while the failure of Sample-F (3 wt% CNTs) can be attributed 
to the agglomerations of CNTs and nanoclay or possible formation of two phase structures; 
softer phase (polymer matrix alone) and harder phase (nanofiller’s agglomerates because 
of their high surface energy) as indicated in Figure 4.27 causing poor bonding and 
inefficient bridging effect between the polymer matrix and CNTs resulting in an ineffective 
load sharing by the CNTs as well as nanoclay during the wear test. The softer phase 
(polymer matrix alone) may act as weak areas for the initiation of failure/peeling off of the 
coating.   The typical frictional graphs, photographs of the wear track showing the exposed 
substrate and the scar mark on counterface ball as shown in Figure 4.32 confirmed the 
failure of all samples except Sample-E.  
 
Figure 4.31 Comparison of average wear life of Hybrid nanocomposite coatings for 10,000 cycles at a normal 




Figure 4.32 Typical frictional graphs of Hybrid nanocomposite coatings for 10,000 cycles at a normal load of 12 
N. Inset (left): Photographs of wear tracks on samples. Inset (right): Optical images of counterface at 10x 
(captured after cleaning with acetone) at the end of sliding test 
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Regarding COF, slight changes were observed as its average value increased from ~0.17 
(for pristine UHMWPE) to ~0.21 for hybrid-nanocomposite coatings respectively as 
expected due to the hardness of CNTs. The COF friction results are presented in 
Figure 4.33. 
 
Figure 4.33 Comparison of average coefficient of friction of pristine and CNT/C15A/ UHMWPE hybrid 
nanocomposite coatings   
After these screening tests, Sample-E was found to be best in terms of wear life which was 
further tested for longer durations of 100,000 cycles (sliding distance = 1.3 km) at 12 and 
15 N respectively with the same linear speed of 0.1 m/s (480 rpm). From Figure 4.34,  it 
can be seen that at 12 N the nanocomposite coating (Sample-E) did not fail until 100,000 
cycles while this coating failed very early at 15 N. FE-SEM images of wear tracks of 
Sample-E (a & b) after sliding tests conducted at normal loads of 12 and 15 N along with 
their corresponding EDS analysis on the wear track and 2D-Optical wear profiles are 
shown in Figure 4.35. It is clearly noticed that at 15 N there was a complete failure of the 
coating as EDS confirmed the peaks of bare aluminum subtrate (which appears at 1.49 
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keV) on the wear track and the wear profile depths (Z) reached to ~180 µm which actually 
is the thicknesses of the coatings. However, at 12 N, no peak of bare aluminum subtrate on 
the wear track was observed and the wear profile depth (Z) was also less than the coating 
thicknesses which confirmed that this coating did not fail. The predominent wear 
mechanism involved in the coating at 12 N was plastic deformation.  
 
Figure 4.34 Comparison of average wear life of Sample- E (1.5CNT/1.5C15A/UHMWPE) at normal loads of 12 




Figure 4.35 FE-SEM images of wear tracks of Sample-E (a & b) after sliding tests conducted at normal loads of 
12 and 15 N for 100,000 cycles. Inset (middle): EDS analysis at wear track. Inset (right): 2D-Optical wear 
profiles of wear tracks 
In case of hybrid nanocomposite coating (Sample-E), the wear track profile depth (Z) was 
less (43 µm) as compaed to 55 µm in case of CNT-nanocomposite coating (Sample-B) as 
reported in section 4.1.5 earlier indicating the improved wear resistence due to addition of 
nanoclay into the polymer matrix along with CNTs. Figure 4.36 below shows the 




Figure 4.36 Comparison of wear track profile depths (Z) of Sample-E and Sample-B (optimized coatings) after 
wear test conducted at a normal load of 12 N and linear speed of 0.1 m/s for 100,000 cycles 
4.3.7 Effect of linear sliding speed on tribological performance of 
Sample-E (1.5CNT/1.5 C15A/UHMWPE) hybrid coating  
After the above screening tests, it was confirmed that only 1.5 wt% CNT/1.5 
wt%C15A/UHMWPE hybrid nanocomposite coating (Sample-E) did not fail at a normal 
load of 12 N until 100,000 cycles. To further investigate the tribological performance of 
this particular hybrid coating, wear tests were performed at different linear speeds of 0.1, 
0.2 and 0.3 m/s at a normal load of 12 N for 25,000 cycles (sliding distance = 314 m) and 
wear track radius of 2 mm.  
Figure 4.37  shows that hybrid nanocomposite coating at linear speeds of 0.1 and 0.2 m/s 
did not fail even until ~25,000 cycles as confirmed by the corresponding photograph of 
wear tracks on samples as well as wear track profile depths (Z) which were only 39 μm 
and 60 μm (less than the coating thickness of 180 μm) respectively as shown in Figure 4.38. 
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However, the coating failed at a linear sliding speed of 0.3 m/s showing an average wear 
life of ~10,000 cycles. The corresponding photograph of sample showing a peel off of the 
coating and wear profile depths approaching to the value of the thickness of coating (180 
μm) confirmed the failure of the coating at a linear sliding speed of 0.3 m/s. As explained 
earlier, the contact temperature plays a significant role in wear of the polymers. Since 
UHMWPE polymer starts to lose its dimensional stability above 80 to 90 °C [3], it is 
possible that by increasing the linear sliding speed, the localized contact temperature would 
have been raised beyond 80 to 90 °C which caused the softening of the polymer resulting 
in the failure of the coatings at higher linear sliding speeds.  
 
Figure 4.37 Comparison of average wear life of Sample- E (1.5CNT/1.5C15A/UHMWPE) at normal loads of 12N 




Figure 4.38 Photographs of wear tracks of sample along with their corresponding 3D-optical profile images 
(middle) and wear track profile depths (Z) (lower) at a normal load of 12 N for 25,000 cycles at three different 
velocities. Inset:  cleaned counterface ball images after the wear tests 
 
However, it is interesting to note the improvement in the wear life of the hybrid coatings 
as compared to that of the 1.5wt% C15A/UHMWPE coating (as obtained in section 4.1) 
with the addition of CNTs. It can be recollected from the results of section 4.1 that the 
1.5wt% C15A/UHMWPE coating failed earlier than 25000 cycles at a load of 9N and a 
linear sliding speed of 0.2 m/s. However, the 1.5 wt% CNT/1.5 wt% C15A/UHMWPE 
hybrid nanocomposite coating did not fail until 25000 cycles at a higher load of 12 N and 
a linear sliding speed of 0.2 m/s. This improvement can be attributed to the addition of 
CNTs which are effective in increasing the load bearing capacity of the coating due to their 
inherent excellent mechanical properties and also to their higher thermal conductivity 
which helps in dissipating of the local heat generated from the contact region at higher 
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speeds, thus preventing the softening of the polymer leading to less wear. However, the 
hybrid nanocomposite coating failed at higher sliding speeds of 0.3 m/s, suggesting that it 
can withstand a maximum velocity of 0.2 m/s. 
4.3.8 Summary 
From the results of this section, we observed that of all the combinations of nanoclay and 
CNTs tested, the 1.5 wt% C15A/1.5 wt% CNT/UHMWPE hybrid nanocomposite coating 
showed the best wear resistance. Moreover, it is also noted that the wear resistance of the 
1.5 wt% C15A/1.5 wt% CNT/UHMWPE was better than the wear resistance of the 1.5 
wt% CNT/UHMWPE nanocomposite coating under dry conditions. This improvement in 
the wear resistance is attributed to the addition of nanoclay which imparts better 
bridging/anchoring effect to the polymer matrix preventing the easy pull out of the polymer 
chains. 
4.3.9 Summary of Phase 1 showing the performance of the coatings 
under dry conditions  
Following are the overall results obtained from sections 4.1 (nanoclay/UHMWPE), 4.2 
(CNT/UHMWPE) and 4.3 (CNT/C15A/UHMWPE) which are compiled in figures below 
to compare the improvement in mechanical and tribological performance of all the 
nanocomposite and hybrid nanocomposite coatings (developed in current study) with 




Figure 4.39 Comparison of the hardness of the coatings 
 




Figure 4.41  Comparison of the average wear life of coatings at a normal load of 12 N and a sliding speed of 0.1 










Phase 2 - Tribological characterization of the hybrid nanocomposite 
coatings under water lubrication with/without abrasives 
In this phase, tribological characterization of the hybrid nanocomposite coatings under 
water lubrication was evaluated which will be described on section 4.4. Later the 
tribological performance of the optimized hybrid nanocomposite coating was evaluated 
under water lubrication in the presence of abrasives which will be described on section 4.5. 
4.4 Tribological characterization of the hybrid nanocomposite and the 
optimized CNT nanocomposite coatings under water lubrication  
The evaluation of tribological performance of polymer coatings under aqueous 
environment becomes important because sometimes water is entrained into sliding 
components of machineries which are being used in different fields  such as food and 
chemical industries; either accidentally (through any leakage), deliberately (as a coolant or 
lubricant) or as a contaminant (as humidity or rain) etc. In these conditions, different factors 
such as the surface wettability, interaction of polymer with water and formation of transfer 
film on counterface etc., significantly affect the tribological behavior of polymers [28].  
Water can deteriorate the properties of polymers because polymers get swelled after 
absorbing water resulting in reduction in their hardness and strength [27]. 
The objective of this phase was to evaluate the tribological performance of the hybrid 
nanocomposite coatings under water lubrication. However, since the testing environment 
is changed from dry to water lubrication conditions, we proceeded to optimize the loadings 
of the nanoclay and the CNTs in the new conditions.  
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4.4.1 Evaluation of tribological performance of the coatings under water 
lubrication 
Tribological performance of hybrid nanocomposite coatings with different loadings of 
nanofillers as described in Table 4.2 were evaluated under water lubrication at a normal 
load of 12 N for 150,000 cycles (Sliding distance = 1.9 km) at a sliding speed of 0.1 m/s 
(480 rpm) and radius 2 mm. It is to be noted that for screening test under water lubrication, 
higher number of cycles (150,000) were selected as compared to that of under dry 
conditions where only 10,000 cycles were selected. This is done because polymers exhibit 
a change in their mechanical and tribological properties usually on prolonged exposure to 
water.  It can be seen from Figure 4.42 that Sample-E (1.5 wt% CNT/ 1.5 wt% C15A/ 
UHMWPE) showed increased wear life as it did not fail even until 150,000 cycles. This 
can be attributed to the efficient anchoring/bridging effect offered by both the 
reinforcements, CNTs and C15A nanoclay, respectively in the UHMWPE matrix in 
addition to the improvement in the resistance to water uptake offered by the platelet like 
structure of the nanoclay which offers a torturous path to the diffusion of the water 
molecule into the polymer matrix. However, Sample-D (0.5 wt% CNT/ 1.5 wt% C15A/ 
UHMWPE) and Sample-F (3 wt% CNT/ 1.5 wt% C15A/ UHMWPE) failed earlier because 
of inefficient bridging effect and agglomeration of the nanofillers respectively as described 
earlier in above phases as well. The corresponding photographs of the wear track showing 




Figure 4.42 Comparison of the average wear life of Hybrid nanocomposite coatings at normal loads of 12 N and 
a linear speed of 0.1 m/s for 150,000 cycles under water lubrication. Inset: Photographs of wear tracks on 
samples. 
Furthermore, the most wear resistant coatings such as Sample-B (1.5 wt% 
CNT/UHMWPE) as obtained in Phase 1 (section 4.2) under dry condition and Sample-E 
(1.5 wt% CNT/1.5 wt% C15A/UHMWPE) were evaluated for their tribological 
performance under water lubrication at a normal load of 12 N for a longer duration of 
300,000 cycles (Sliding distance = 3.8 km) at a linear speed of 0.1 m/s (480 rpm) and radius 
2 mm. Under water lubrication, Sample-E (Hybrid nanocomposite coating) showed 
increased wear life as it did not fail even until 300,000 cycles after which the test was 
stopped due to the time constraint (10 h). However, Sample-B (CNT-nanocomposite 
coating) failed at about ~170,000 cycles as shown in Figure 4.43. The photographs of the 
wear tracks of the tested samples in inset of Figure 4.43 with the substrate completely 
exposed confirmed that Sample-B could not survive under water lubrication as the coating 
completely peeled off from the wear track. This can be attributed to the swelling of the 
polymer due to the water absorption resulting in the deterioration of the properties. 
However, Sample-E (hybrid nanocomposite coating) survived until 300,000 cycles as 
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confirmed by EDS analysis on the wear track as shown in Figure 4.44 where no peak of 
bare aluminum was observed and wear profile depth (112 µm) was also much less than the 
coating thickness. The major wear mechanism involved in this particular coating was 
plastic deformation by ploughing. This improvement in wear life is attributed to the 
addition of CNTs which helps in improving the load bearing capacity and C15A nanoclay 
which provides a torturous path for the diffusion of water molecules in the polymer matrix 
due to its platelet like structure resulting in a significant reduction in the water uptake and 
hence leading to an improvement in wear resistance. Similar kind of  trend was observed 
in previous study where Samad et al. [74]  investigated the effect of water uptake on 
tribological performance of C15A nanoclay/UHMWPE bulk nanocomposite  and found 
that nanoclay reduced the water absorption upto ~21% by reinforcing UHMWPE matrix 
with nanoclay. 
 
Figure 4.43 Comparison of the average wear life of Sample (B and E) at normal loads of 12 N for 300,000 cycles 




Figure 4.44 FE-SEM images of wear track of Sample-E at lower and higher magnifications after sliding tests 
conducted at normal load of 12 N for 300,000 cycles. Inset: EDS analysis and 2D-Optical wear profiles of the 
wear track 
Figure 4.45 shows the two wear profile depths of the hybrid nanocomposite coating after 
the wear tests until 150,000 and 300,000 cycles respectively. It can be observed that even 
though the number of wear cycles doubled, there is hardly any difference between the depth 
of the wear track showing a significant improvement in the wear resistance of the hybrid 
nanocomposite coating and indicating that the wear life of the hybrid coating can go 
beyond 300,000 cycles at a normal load of 12 N. This is primarily attributed to the addition 
of CNTs which help in improving the load bearing capacity of the coating because of their 
inherent excellent mechanical properties and secondly to the addition of nanoclays which 
also contribute to the improvement in the load bearing capacity by increasing the resistance 





Figure 4.45 Comparisons of 2D-Optical wear profiles of wear track of Sample-E after sliding tests conducted 
under water lubrication for 150,000 and 300,000 cycles at normal load of 12 N 
The significant decrease in COF was observed under water lubrication as shown in 
Figure 4.46 because water can act as a lubricant as also found in many studies  [23–25] 
where similar trend in COF was observed. The COF was found to be ~0.14 under water 
lubrication. Figure 4.46 shows the comparison of COF of Sample-E after sliding test under 




Figure 4.46 Comparison of COF of Sample-E after sliding test under dry and water lubrication 
To evaluate the possible effect of water interaction on hardness of Sample-E, hardness 
measurements were carried out before and after the sliding test under water lubrication for 
300,000 cycles.  Figure 4.47 indicates that there was hardly any change in hardness after 
the water lubricated test, indicating that the interaction of water with this particular coating 
did not deteriorate its mechanical properties leading to a significant improvement in its 
wear resistance. This again is attributed to the addition of nanoclays which help in 




Figure 4.47 Comparison of hardness of 1.5CNTs/1.5C15A/UHMWPE hybrid nanocomposite coating (Sample-E) 
before and after conducting the sliding test under water lubrication for 300,000 cycles 
 
4.4.2 Summary 
From this section, it is found that among the three combinations of (0.5, 1.5 and 3 wt%) 
CNT/ 1.5wt%C15A/UHMWPE hybrid nanocomposite coatings, only 1.5 wt% CNT/ 1.5 
wt% C15A/ UHMWPE hybrid coating exhibited excellent wear life as it did not fail even 
until ~300,000 cycles at a normal load of 12 N and a linear sliding speed of 0.1 m/s under 
water lubrication. This is attributed to the  uniform dispersion of CNTs and nanoclays in 
the polymer matrix that provides an improved bridging effect and holds the polymer chains 
together instead of being pulled out easily leading to an increase in the load bearing 
capacity and also to the improvement in the resistance to water absorption due to the 
addition of nanoclay which provides a torturous path for the diffusion of water molecules 

























4.5 Tribological characterization of Hybrid nanocomposite coating 
under water lubrication in the presence of abrasive particles 
The evaluation of tribological performance of polymer coatings under aqueous 
environment in presence of abrasive particles becomes important because sometimes, in 
some particular cases, there are chances of contamination of water with sand particles due 
to sandstorm, dusty condition or rain especially in desert environment. These sand particles 
can either act as third body particles which can abrade the polymer and increase the wear 
rate [42] or they can be embedded in polymer resulting in reduced wear rate [43]. In this 
section, the tribological performance of the most wear resistant coating; Sample-E (1.5 
wt% CNT/1.5 wt% C15A/UHMWPE) as optimized under water lubrication in section 4.4 
above, was evaluated for its tribological performance under water lubrication in the 
presence of abrasive particles (SiC) at a normal load of 12 N for a duration of 150,000 
cycles (Sliding distance = 1.9 km) at a linear speed of 0.1 m/s (480 rpm) and wear track 
radius of 2 mm. 
4.5.1 Effect of abrasives on tribological performance of Hybrid 
nanocomposite coating 
Figure 4.48 compares the typical frictional graphs of 1.5 wt% CNT/1.5 wt% 
C15A/UHMWPE hybrid nanocomposite coating (a) & (b), FE-SEM images of wear tracks 
at lower (120 x) and higher (400 x) magnifications (c) & (d), 3D optical profile images of 
wear tracks (e) & (f) and profile depths of wear tracks (g) & (h) after wear tests performed 
at normal load of 12 N and linear sliding speeds of 0.1 m/s for 150,000 cycles under water 
lubricated conditions with/ without abrasive particles. 
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 It is clearly observed from Figure 4.48, the hybrid nanocomposite coating in both the cases 
(with/ without  abrasives), survived until 150,000 cycles as confirmed by EDS analysis on 
the wear track as shown in insets of Figure 4.48 (c) and (d) where no peak of  aluminum 
was observed. The wear profile depths in both the cases were also much less than the total 
coating thickness of 180 µm. However, it is interesting to note that the wear profile depth 
of the hybrid nanocomposite coating was less (80 μm) in case of the sliding test in the 
presence of abrasives as compared to that in the absence of abrasives where the wear profile 
depth was found to be ~104 μm. This can be attributed to the embedment of the hard SiC 
abrasive particles in the softer polymer matrix as indicated by the silicon (Si) peak 
(appearing at 1.49 keV) in the EDS spectrum on the wear track, which helps in providing 
with an enhanced anchoring effect of the polymer chains leading to an improvement in the 
resistance to their easy pull-out. A similar observation was made by [44] wherein the wear 
rate of a polymer coating reduced in the presence of abrasives. Figure 4.49 shows a 
schematic of the abrasive particles embedded in softer polymer coating which may have 
contributed in the improvement in the wear resistance. However, it is to be noted that the 
hybrid nanocomposite coating is developed for the protection of both the surfaces in a tribo 
pair against wear and tear. It can be observed from the optical images of the  counterface 
ball with/without as shown in the insets of Figure 4.37 (g) and (h) that the ball got severely 
abraded when sliding against the hybrid nanocomposite coating in the presence of 




Figure 4.48 Comparison of typical frictional graphs of 1.5 wt% CNT/1.5 wt% C15A/UHMWPE Hybrid 
nanocomposite coating (a) & (b), FE-SEM images of wear tracks at lower (120 x) and higher (400 x) 
magnifications (c) & (d), 3D optical profile images of wear tracks (e) & (f) and profile depths of wear tracks (g) 
& (h) after wear tests performed at normal load of 12 N and linear sliding speeds of 0.1 m/s under water 
lubricated conditions with/ without the presence of abrasive particles, Counterface ball images (i) & (j) after 




Figure 4.49 Schematic diagram of abrasive particles embedded in softer polymer coating 
4.5.2 Summary 
In this section, the tribological performance of the hybrid nanocomposite coating 
(1.5wt%CNT/1.5wt%C15A/UHMWPE) was evaluated in the presence of abrasives at a 
normal load of 12 N and sliding speed of 0.1 m/s for 150,000 cycles. It was observed that 
the hybrid nanocomposite coating did not fail even until 150,000 cycles in the presence of 
abrasives and infact showed better wear resistance due to the embedment of the abrasive 
particles in the softer polymer matrix which helps in providing with an enhanced anchoring 
effect of the polymer chains leading to an improvement in the resistance to their easy pull-





5 CHAPTER 5 
CONCLUSIONS AND RECOMMEDATIONS 
5.1 Conclusions 
In this work, tribological performance of pristine UHMWPE coating was enhanced by 
reinforcing it with individual nanofillers such as nanoclay, CNTs and their combinations 
under dry and water lubricated conditions (with/without abrasives). Effect of normal load 
and linear sliding speed was evaluated on the developed nanocomposite coatings. 
Following conclusions can be deduced from this study which are summarized below. The 
conclusions are presented for each phase of the project: 
PHASE 1 
Pristine UHMWPE coating failed at a normal load of 9 N and linear sliding speed of 0.1 
m/s just after ~5200 cycles. To enhance the tribological properties of pristine UHMWPE 
coating, initially it was reinforced with C15A nanoclay. C15A/UHMWPE nanocomposite 
coatings with different loadings (0.5, 1.5, 3 wt%) were developed and evaluated under dry 
conditions. The conclusions for this part of study are: 
 The hardness of C15A/UHMWPE nanocomposite coatings increased with an 
increase in the nanoclay loading which is attributed to the inherent good mechanical 
properties of nanoclay and the bridging effect offered by the clay platelets in the 
soft polymer matrix network leading to a resistance to indentation.  
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 Among the three combinations of C15A/UHMWPE nanocomposite coatings, only 
1.5 wt% C15A/UHMWPE nanocomposite coating exhibited excellent wear life as 
it did not fail even after ~100,000 cycles at a normal load of 9 N and a linear sliding 
speed of 0.1 m/s.  
 The improvement in the performance of 1.5 wt% C15A/UHMWPE nanocomposite 
coating is attributed to the exfoliation of clay platelets in the polymer matrix that 
provides a bridging effect and holds the polymer chains together instead of being 
pulled out easily. 
 However, at a normal load of 12 N and a linear speed of 0.1 m/s, 1.5 wt% 
C15A/UHMWPE nanocomposite coating failed very early (< 2000 cycles).  
 No appreciable difference in the coefficient of friction was observed in the pristine 
as well as C15A/ UHMWPE nanocomposite coatings. 
To further enhance the load bearing capacity, pristine UHMWPE coating was reinforced 
with various loadings of CNTs (0.5, 1.5, 3 wt%) and evaluated under dry conditions. The 
conclusions for this part of study are: 
 By increasing the content of CNTs from 0.5 to 3 wt%, the hardness of the CNT-
nanocomposite coatings increased. 
 Among all combinations of coatings, 1.5 wt% CNTs/UHMWPE nanocomposite 
coating showed excellent tribological results as it did not fail upto ~100,000 cycles 
at normal load of 12 N and linear speed of 0.1 m/s under dry condition.  
 The increase in the wear life of this particular coating is attributed to efficient 
dispersion of CNTs in polymer matrix that anchored the polymer chains in matrix.  
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 Regarding COF, slight changes were observed as its average value increased from 
~0.17 (for pristine UHMWPE) to ~0.20 for CNT-nanocomposite coatings as 
expected due to the higher hardness of CNTs. 
From section 4.2 (CNT/UHMWPE), we concluded that 1.5 wt% CNT/UHMWPE 
nanocomposite coating (optimized coating) showed a wear life of ~ 100,000 cycles at a 
normal load of 12 N. Hence to further improve the wear resistance of the nanocomposite 
coating, we took an approach of developing a hybrid nanocomposite coating by reinforcing 
the polymer matrix by two nano fillers, namely, nanoclay and CNTs. In this phase we 
evaluated the mechanical/tribological properties of the CNT/UHMWPE nanocomposite 
coating with the addition of 1.5 wt% of C15A nanoclay which was the optimum amount 
obtained from section 4.1 (nanoclay/UHMWPE) with different loadings (0.5, 1.5 and 3 
wt%) of CNTs. The conclusions for this part of study are: 
 By increasing the content of CNTs from 0.5 to 3 wt%, hardness of the hybrid 
nanocomposite coatings increased. In case of hybrid nanocomposites coatings, clay 
platelets further improved the hardness. 
 Among all combinations of coatings, 1.5 wt% CNTs/1.5 wt% C15A/UHMWPE 
hybrid nanocomposite coating showed excellent tribological results as it did not fail 
until ~100,000 cycles at normal load of 12 N and linear speed of 0.1 m/s under dry 
condition.  
 The increase in the wear life of this particular coating is attributed to efficient 
dispersion of CNTs and clay platelets in polymer matrix that anchored the polymer 
chains in matrix.  
118 
 
 In 1.5 wt% CNTs/1.5 wt% C15A/UHMWPE hybrid nanocomposite coating, the 
wear track profile depth (Z) was found to be less (43 µm) as compared to 55 µm in 
case of 1.5 wt% CNT/ UHMWPE nanocomposite coating indicating the 
improvement in the wear resistence due to addition of nanoclay into the polymer 
matrix along with CNTs. 
 Regarding COF, slight changes were observed as its average value increased from 
~0.17 (for pristine UHMWPE) to ~0.21 for hybrid nanocomposite coatings 
respectively as expected due to the hardness of CNTs as well nanoclay. 
PHASE 2 
In this phase, initially, we evaluated the mechanical/tribological properties of the 
CNT/C15A/UHMWPE hybrid nanocomposite coatings by reinforcing the UHMWPE 
matrix with 1.5wt% of C15A nanoclay (optimized amount obtained from phase 1) and 
different loadings (0.5, 1.5 and 3 wt%) of CNTs under water lubricated conditions. Then 
long term tribological tests were performed on best coatings. The conclusions for this part 
of study are: 
 Among all combinations of coatings, 1.5 wt% CNTs/1.5 wt% C15A/UHMWPE 
hybrid nanocomposite coating showed excellent tribological results as it was not 
failed until ~150,000 cycles at normal load of 12 N and linear speed of 0.1 m/s 
under water lubricated conditions. 
 Among two optimized coatings such as 1.5 wt% CNTs/1.5 wt% C15A/UHMWPE 
hybrid nanocomposite coating and 1.5 wt% CNTs/UHMWPE nanocomposite, 
hybrid coating performed better under water lubrication at 12 N, as it did not fail 
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up to ~300,000 cycles whereas 1.5 wt % CNTs/UHMWPE nanocomposite coating 
failed at ~170,000 cycles.  
 The improvement in wear life of this particular hybrid nanocomposite coating is 
attributed to the addition of nanoclay which provides torturous path for diffusion of 
water molecules in polymer chains resulting in less water absorption less wear.  
 The slight difference between two wear depth profiles of the 1.5 wt% CNTs/1.5 
wt% C15A/ UHMWPE hybrid nanocomposite coating after the wear tests at 
150,000 and 300,000 cycles respectively showed the improved wear resistance of 
the hybrid nanocomposite coating and indicating that the wear life of the hybrid 
nanocomposite coating can go beyond 300,000 cycles at a normal load of 12 N.  
 There was hardly any change in hardness of the 1.5 wt% CNTs/1.5 wt% C15A/ 
UHMWPE hybrid nanocomposite coating UHMWPE hybrid nanocomposite 
coating before and after the water lubricated test indicating that the interaction of 
water with this particular coating did not deteriorate its mechanical properties 
leading to a significant improvement in its wear resistance.  
After optimizing the tribological performance of the coatings under water lubrication 
conditions, the most wear resistant coating such as 1.5 wt% CNT/1.5 wt% 
C15A/UHMWPE hybrid nanocomposite coating was evaluated for its tribological 
performance under water lubrication in the presence of abrasive particles (SiC) at a normal 
load of 12 N for a duration of 150,000 cycles. Following are the conclusions. 
 The evaluation of tribological performance of the hybrid nanocomposite coating in 
both cases (with/ without presence of abrasives) for 150,000 cycles at a normal load 
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of 12 N and sliding speed of 0.1 m/s showed that the coatings survived until 150,000 
cycles.  
 However, wear profile depth of the coating was less (~80 μm) in case of sliding 
testing in presence of abbrasive as compare to that in absence of abbrasives where 
wear profile depth was found to be ~104 μm.  
 This is mainly attributed to the embedment of the abrasive particles in the softer 
polymer matrix which help in providing with an enhanced anchoring effect of the 
polymer chains leading to an improvement in the resistance to their easy pull-out. 
 The counterfaceball due to presence of abrasives was worn severely indicating that 
although coating can behave as wear resistant but the counterface (e.g. some 
metalic component) can be damaged severely.  
5.2 Recommendations 
Following are some recommendations to increase the scope of work for some other 
different applications under different environments  
1. Hybrid nanocomposite coating can be tested under different environments  
2. The performance of this hybrid coating can be evaluated at elevated temperatures 
3. Erosion and corrosion preventions by using this coating can be evaluated to expand 
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